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The Core Noise _nvestiSation of the CF6-50 Turbofan Engine, sponsored by
the NASA-Lewis Research Cente_ unde# Contract _AS3-21260, was an e_perimental
_esearch program that provided for the acquislt_on of si_ltaneouSly recorded
internal and far-field fluctuating pressure _eaSurementS, Those measurements
were used to determine the contribution of the combustor to the tar-fleld
noise signature of the CF6-50 hlgh-bypass turbofan engine. The program objec-
tives were to (1) _nvestigate the internal source loCationS in the combust6r
region; (2) determine coherence functions and t#ans_e¢ functiOns (magnitude
and phase), _ith time delay removed, for pairs of internal sensors and from
internal to far field; and (3) _o determine the coherent output po_er in the
far-field measurements.

Engine internal narrowband spectra showed peak _requenctes to occur be-
tween 315 to 630 Hz, typical o_ core noise spectra. Engine power level spec-
tra comparisons £_om fluctuatluS pressure measurements were made between pre-
vious engine results and full-scale combustor _omponent duct rig results.
The apparent primary Source location within the co_bustOr was investigated i_
using the vectoring of _ime delays from cross-Correlations betweeu pairs of
fiuc_uatfng pressure Signals, G_oups of f_equencies corresponding to the
time delays were identified from cross-Spectru_ phase results. Ordinary
coherence functions determined in the _ar field relative to internal _easure-
ments gave generaily low coherence levels (0,1 to 0.4) over a l_i_ed fre-
quency range (50 to 100 Hz). Transfer function (gain _nd phase) plots were
obtained for a range of engine conditions from idle to 45.5% net thrust (in-
cluding approach po_er). T_rbfne transfer functions, dete_nlned from the
coherent portion of the fluctuating preSSure measurements at combustor d{S-
charge and core nozzle dlschar_e relative to _he combustor inlet spect#a,
were _o_pared to previous e_iue results and present theory, _he coherent
o_tput _ower_ determined fro_ th_ ordinary coherence analysis of the far-gield
measurements relative to the internal measurements on the CP6-_0 engine, gave-- ..........

low Values, The above results were obtained at several poi_ covering the i
operating range of the CF6_0 engine and concentrated around the approach
power region. The program _rovided an Opportunity to a_qulre a unique se_ of
data on the CP6__50 e_Slne _hat will add to the engine data bank for no_se
investigation.

!



_i. 2.O INTRODUCTION

The Core Noise Investigation of the CF6-50 turbofan engine was a_ e_-
:_ perimental research program sponsored by the Natioflal Aeronautics a_d Space

LeWis ReSearch Center of Cleveland, Ohio, that tom _Adminis tration' s examined

;_ bustor internally generated noise and its influence o_ nois_ measurements

!: in the far field. This program was built on earlier work conducted under
the Experimental Clean Combusto_ ProEcam, Phase III (NAS3-19736) on a C_6-50
engine in a test ceil.

The p_imary objective of the Core NoiSe Investigation prOb_am was to
| obtain simultaneous internal and far-f_Id dynamic pressure measueem_nts on

a C_b-50 high-bypass turbofan engine _n order to de_ermine the acoustic con-
t_ibution of the combustor to the £ar-field _olse signature of the engine,

I A standard p_od_ction_type annular combuStor used for the engine test
provided comparative data with full-scale cOmponent results of a similar
combustor tested under the Experimental Clean Combustor P_ogram, Phase II
(NAS3-18551).

The secondary objectives of this program, to be determined or evaluated
from-the measurements, included the following:

• The turbine acoustic t_ansfer and coherence function from the
present engine test and comparison with existing data and theory

• The location of the apparent primary noise source in the core
engine

• The acoustic power level in the co_bustor and in the core nozzle
exhaust duct, comparing these result_ with the General Electric
core noise predictions

The data acquired under this progra_ will form a unique set of _easure-
meritson th_ CF6-50 englne which expands the data base for core nolse investi-
gatzon.

2



3.0 TEST DESCRIPTION

3.I CF6-50 ENGINE TEST VERICLE

The vehicle used in the acoustic test for the Cole Noise InveJtigation

progra_Was the CF6-50 engine (Serial Number 455-768) with a standard produc-
tion-type annular combuStor.

The CF6-50 engine is a dual rotor, axial flow turbofan powefplant having

a high-bypass ratio. It is comprised of a 14-stage high-pressu_e compressor
driven by a 2-stage high-pressure turbine, and has an integrated front fan and
low pressure compressor, driven by a 4-stage low-pressure turbine. The annu-
lar combuStor converts fuel and compressor discharge air into energy to drive
the turbines. The accessory drive system eXtractS energy from the high-pres.
sure, highmspeed rotor to drive the engine accessories and the engine-mounted
aircraft accessories.

t
The core exhaust on this test vehicle was fitted with a long, fi_ed (non-

reversing) annular plug nozzle. A bellmouth lip was mounted to the engine
inlet, Figure 3.1-1 is an illustration of a typical 0F6-50 engine attd nacelle

I without a bell_outh inlet. Some specifications of the CF6_50C engine are
key

listed in Table 3.1-1.

3.2 CF5-50 STANDARD PRODUCTION COMBUSTOR

The CF6-50 standard production combustor is a high-performance annular
combustor incorporating a lo_-pressure-loss step diffuser, carburetiug swirl-
cup-dome design and a short burning length. The step diffuser has a pressure
loss of about 1% of the total pressure and does not vary significantly over
the engine cycle. The design of the step diffuser provides a uniform, steady
air_low distribution into the combustor. Thirty vortex-inducing, _xial swirl

cups with ve_turi cubes are used (one _or each of its corresponding fuel noz-
zles) to provide flame stabilization and mixing of the fuel-air mixture, The
combustion liner skirts are co_posed of a series of circumferentiaily stacked
flngS which are conti_uously film-cooled to protect the skirts from the high
convective and _adiant heat, Primary combustion zone Cooling air entry is

i _rovided by closely Ipaced dilution holes in each ring, These holes augment
the recirculatlon for flame stabili_ation and admit the balance of the primary
combustion air. Figure 3,2-I(a) i11ustratel the mechanical design features
of the co_bustor system in the CF6-50 engine.

The co_bustor airflow distribution is iilustrated in ?igure 3.2-I(b).

COmp#essor discSarge air (W3) enters the prediffuser passage and is s_lit
into three streams: outerj cen_er, and inner at diffuser discharge. The com-
bustion airflow enters the combustion zone through either swirl cups, dilu- 1
tion holes, or film cooling slots. T_e air used in the combustion process, I
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Table 3.1-I. CF6-50C E_gLne SpeclfLcations.

O Takeoff Ratiilg(SLS)

Thrus_ 224.2 kN (50j400 Ibf)
Specific Fuel ConsumptLon 10,7 mg/SS (0,37) ib_/Ibf-hr)

• Masimum Cruise (Much i).85/10.7Rm)

Thrust 48 kN (10,800 ibm)
Specific Fuel Consumption 18.6 mg/NS (0.656 Ibm/Ibf-hr)

• Weight 3780 k8 .(8330 lb)

• Length 482 cm (190 in.)

• Maximum Diameter .... 272 cm (I07 in,)

• P_essure Ratio

Takeof£ 29.4 •
Maximum Cruise 31.4

• Bypass Ratio (Takeoff) 4.4 i_

• Total Airflow (Takeoff) 6_9 kg/s (14_2 Ibm/s)



(i) _6_50 C6_bu_tbr Mech_htcal b_miSn _estu_s

(b) Ct6_50 Combumtor Ai_ Fiov/ Pmths

' Figure 3.2-I. CF6-50 Combustor Design Features.
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either directly or indirectly, is only that air (Wc) that exits the combus-
tor. The outer and inner flow streams are smoothly accelerated around the
combuStor cowling and enter the combustion zone through the outer and inner

passages which consist of holes and slots. Thirty percent of Wc is liner cool-
ing flow which enters the combustion reaction zone through film cooling slots.
The center Stream flows into the combustor primary _one through• the do_e cowl-
ing to the swirl cups. The cowling opening is sized to provide free-stream

diffusion of the dome floW. This results in higher pressure recovery in the
cente_ stream. The higher pressure recovery generates higher pressure drops
across the dome and therefore higher veloclties through the swirl cups and
other dome flow openingS,

The combustion process of chemically reacting a liquid fuel with air, for
heat release, is nonhomogeneous by nature. The local fuel-air ratio is a func-

tion of the location in the combustor. When fuel enters the primary zone close
to the swirl cups, the fuel-air ratio is close to Stoichiometric and decreases

from that value as the fuel-alr migture travels axially doWn the combustor.

The dilution holes and film cooling slots dilute the primary zone mixture andj
to an extent, react with it. Typically, the fuel-air ratio determined fro_

the airflow that exits the combustor is used in analysis.

Relevant design parameters for the CF6-50 combustor are shown in Table
3.2-I.

3.3 TEST OBJECTIVES

The primary objective of the acoustic test on the CF6-50 engine was to

obtain simultaneous internal and far-field fluctuating pressure measurements

for the purpose of determining the influence of the internally generated com-

bustor noise on the far-field signature of the engine. Comparisons of the in-

ternal measurements from this engine test witL a standard production combustor

were to be made with previous foil-scale component test results on a similar
type of combustor.

Other objectives to be determined or evaluated from the engine measure-

ments included the turbine acoustic-tranSfer £unction (magnitude and phase)

and coherence function from the present testj the location of the apparent

primary noise source in the core engine, the coherent output power in the far
_ield, and the acoustic power level in the combustor and in the core noZZle

e_haust duct, comparing _hese results with the General Electric Core Noise
Predictions.

3.4 TEST SETOP

The setup for the test of the CF6-50 engine was done at the outdoor

acoustic test Site 4Dj located at the General Eiectric's ProVing Ground
Facility 144.81-km (90-mi) east of Cincinnati in Peebles, Ohio.

7



Table 3.2-1. CF6-50 Combusto_ I_sign Parameters.

Combustor Airflow (Wc) 103.42 kg/J (228.0 lb/sec)

Compressor Exit Maeh Numbe_ 0.27

i Overall System Length 75.95 ¢m (29.90 in.)

Burning Length (i_) 34,8 cm (13.70 in.)

Dome Height (It D) 11,43 cm (4,_0 in,)

LB/li D 3.0

Reference_Velocity 25.9 m/_ (8_ ft/_ec)

Re£erence A_ea 3729 cm2 (578 in.2) "

Space _ate 602.91 wat_._t (5.90, x106m3_pa hr-ft3-atfaBtu )

APT/PT3 4.3% (Total)

Numbe_ of Puel Nozzles 30

Fuel Nozzle Spacing (B) 6.91 cm (2.72 in.)

LB/B 5.0

_/HD O.60

8



3.4.1 Engine Installation

i The engine was inJtalled on Che open trussed cantilever support stand at

Site 4D with a lot_g boattail fairing. Tl_e engine was horizontally suspended
from the thrugt stand at a_ engine centerline height of 3.96 m (1_ it) above

the concrete surface of the _out_d-field arena. Figure 3.4-1 is a photograph
of the engine installed on the test stand. All performance rakes were removed

i fro,, the fan inlets fan exhausts and core exhaust ducts for the acoustic test.

[ Internal dynamic pressure sensors Were installed in available access ports
on the engine in ti_e regloa of the combustor and in the cote exhaust nozzle.

|. 3.4.2 Acoustic Arena

The acoustic areda was set up wlth_n the level, flat, semicircular area
with a concrete surface of up to _.%2.4_ (500-it) diameter which was located
on the open cantilever side of the engine stand. The far-field microphone

! array of 16 groulid-mounted microphones wa_ placed on the concrete area of

i Site 4D, equally spaced a_ound a 45.7-_n (150-it) arc encompassing angles from
I0" to 160" relative to the engine inlet a_Is as iliuatrated in Figure 3.4-2.
The microphone arc was centered at the fan nozzle exit. The microphones were

positioned at a height of 1.27 cm (0.5 in.) above the ground plane and ori-
ented vertically with the microphone head pointed at the concrete.

#

3.4.3 Data Acquisition S_Stem

The data acquisition system setup included all the necessary equioment
to obtain analog magnetic tape recordings of all fluctuating pressure signals
(internal and far field) aloflg with the digital, steady-state aerodynamic
signals of _he engine para_leters. Online da_.a analysis capability of the
internal sensors _as provided with a real-time narrow-band spectru_ analyzer

connected to the tape recotde_ with 8ingle-chaniml output displayed on an X-¥
recorder through means of a selector switch. This inforu_atiou provided a

check of _he internal measurements aiid an indication of sensor signal valid-
ity. Sig_al u_unitoring equip_en_ was used to visually check each fa_ field
and in_erual sensor d_ring the fun. The acoustic data acquisition syJtem for

I_ulite and f,i_ophone measurements is sho_n Schematically in F-_gUte 3.4-3.

I The signals from the individual systems (l(ulites and microphones) wererecorded on a Sangamo Sab_e IVs 28-chanflel, FM _agnetic tape _ecorder set for
operatiofi in wide-band G_0up i with a center frequency.of 108 kHz end r_n at
a tape speed Of 76.2 cs/se_ (30 ips).

3.5 TEST MATRIX

The test points for the core noise investigation covered _he sea level
static operating line of the CF6-50 engine. Data Were obtained at a total of
14 steady-state conditions which eflcompassed all required points including
idle, approach, and takeoff conditions plus 4 repeat points and 2 intermediate

- _

,i







Flsure 3.4-3. Acoustic Data Acquisition System.
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_, power settings at the loW end of the operating range. Table 3.5-1 lists the
te_t conditions.

d

i The aerodynamic performance data for each test condition were provided by
the two online DMS (Data Management System) readings at the beginning and end
of each steady-state condition. The data were supplemented by cross plots

_ from the sea level static cycle for this engine to complete the performance
!! information.

tl,

3.6 INSTRUMENTATION

The instrumentation used on this test included internal and far-field

acoustic sensors as well as standard engine performance monitor instrumenta-

tion _or tracking engine operation during the test runj and safety monitor

instrumentation which ensured safe operation and control du_ing the test run.

Dynamic pressure measurements were taken simultaneously on the internal pres-

sure transducers and on the far-field microphones at all test points.

3.6.1 Internal Sensors

i The instrumentation installed in available
dynamic pressure was access

ports at the three axial planes in the combustor region and at the core noz-

zle exit, Dynamic pressures in the main fuel supply were obtained from re-

dundant Kulite sensors located in the fuel nozzle region,

The internal sensors consisted of five Kulite pressure transducers (XGE-

15-375-200D) installed in the air-cooled tee-block mountings of waveguide sys-

tems having capped semi-infinite coils and relatively short [approximately

20.32 cm (8 in.) to 33.02 cm (13 in.) long] standoff tubes. The location of

these sensors was in the region of the combustor as illustrated in F_gure

3.6-I. A photograph of the waveguide sensors installed o_ the engine is shown

in Figure 3.6-2.

Measurements of internal fluctuating pressures were obtained from Kulite

transducers flush mounted in the wall of two fuel noZzleS upstream of the

nozzle flow divider valve. One nozzle wag a seco_dary_only type located at

i 42' and the other, a primary-secondary type at the 102 circumferential posi-
tions (clockwise _rom top, a_t looking forward).

A dual-_lement, water-cooled sound separation prob_ with 12.7-c_ (5.0-in.)

spacing betwee_ Kulites was positioned at the core • nozzle discharge plane as
shown in Figure 3.6-3. The probe was set at an area-welghted ce_tral in_nersion
of the core nozzle annulOs and supported external to the eng_n_ ......................

3.6.2 Far-fxeld Microph.ones

The microphones used for this test were Bruel and Kjaer (B&K) Type 4134,

1.27-cm (0.5-in.) diameter condenser microphones oriented vertically with the i

4
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Table 3.5-1. Summary of C_6-50 Core Noise AcouStLc Test Conditions.

F,'el-
Cole Air

Nominal Speed Rat io,

it! % Fn N2/40- 2 f/a Cofldit ion Remarks

3.8 6,564 0. OiO1 Idle Repeat Point

15.0 8,034 0.0109 Intermediate Point

22.8 8,452 0,0120

26.7 8,660 0.0120 Intermediate Point

30.8 8,686 0.013l Approach Repeat Point

36.5 8,882 0.0139

45.6 9,106 0.0154 Repeat Point

67.8 9,668 0.0182

85.5 9,964 0.0201 Repeat Point

99.8 10,28L 0.0230 Takeoff

14
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microphone head pointed tot#ard the ground. The mic¢ophones were positiotled
1,27 cm (0.5 in.) above the g¢ound plane to ensure that the ground null_ Wete

sufficiently above the frequencies of itttereSt for thi_ test (calCulated f_e-
quenQy of the first null is 77_5 ki{z).

Ail microphone systems utilized either the B&K 2615 or B&g 2619 cathode
follo_#er and B&K 280i powe¢ supply with the 50fl output option to provide a
fiat response through the 10 kHz region of interest.

3.7 DATA REDUCTION AND PROCES$!NG

3.7.1 Data Analysis Methods

The methods used in analysls of the data from the core noise engine test
included I/3-octave-band and narrowband Spectral analysis and digital fast

Fourier transform (DFT) techniques of cross-correlation, coherence, and trans-
fer functlon (amplitude sod phase) analysis.

One-Third-Octave-Band Spectral .Analysis

The i/3-octaVe-band spectra were processed frc_m the recorded data by

standard techniques and by D_T procedures. Those processed by standard tech-

niques included the internal da_a processed over a range of I/3-octave ba_ds
from 50 to 5,000 Hz while the far-field data were. proceSsed from 50 to 10,000

Hz. Internal spectra Were obtained from measured data which were corrected

for probe ambient frequency response. The far-field data were corrected to
Standard Day, 288.1 g (59" F) 70% R.H., and leer-field conditions,

The I/3-octave-band spectra determined for all test conditions were used
for evaluating the combustor internal measurement trends and for comparisons
with the component combustor data in ECCP Phase II (Reference I) and the en-

gine data .frc_ ECCP Phase Ill (Reference 2). The overall fluctuating _ressure

level (OA_PL) obtained .fro_ the I/3-OBFPL spectra we#e used to determine the

measured power level (PNL_eas) assuming the total pressure Signal wa_ acous-
tic. Th_ far-field arc i/3-oct&ve-band Spectra were used to evaluate raw sig-
nal content. The overall levels were used to. obtain directiv_ty and sound
power level_ with engine tones removed, coherent 1/3-octave-band spectra were
obtained between selected pairs of _en_orS u$in_ tlme-series analy_e_s and DPT
p_ocedures_

Digital Fast Fourier Transfor_ Techniques

The digital fast Fourier transform techniques used for the data analysis
inciuded both frequency ahd time-domain techniques. Detailed explanatiofls of

thence various methods, briefly described below, are found in Reference 3. The

18
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techniques in the frequency domain include auto spectrum, cross specttumj co-
hefenc_ fuuctiou_ coherent output spectrum, and transfe# function gain and
phase.

Tide-serieS a_alysis views continuous data records in finite increments
or samples. The samples acquired a_ Sequential times ove_ the record length
are stored in blocks for subsequent conversion by finite Fourier _ransform
from the CiSe dot_ain to _he frequency domain. The data stored in these blocks
are trflnca_d segments of the continuous data record. The SpeCtral ba_dwldth,

Be, is defined as the ratio of the sampling rate (SR) to the t_ansgorm block
size (N), The signal wavefof_s are expressed as functions og time with x(t)

as the input slgn41 and y(t) as the output signal. For these sign&Is the
auto spectra are defined by

Input: GxX (f) - Fx(t) • F*x(t) (l)

OUtput: Gyy (f) " Fy(t ) • F*y(t) (2)

where F is the Fourier transform operation, and F* iS the complex conjugate
of the Fourier transform.

The narrowband analysi_ of the eug_ne data was processed through a dlgi-
tal FoUrier _rans_orm analyzer using a block SiZe of 4096 and a sampllng rate
of 8192 samples/set to obtain 2-H_ bandwidth _pectra over a range of frequen-
cies from 0 to 2000 H_, The number of block aVerageS employed was 20 which
_suits in a total sample record length of 10 seconds being used in the anal-
ySis of the data. The narrowband spectra obtained through th_s analysis were
computed for 9 interuat sensors aud 15 fa_-field microphones for 8 co_ditio_
over the operating range. _he results gro_ this analysi_ are presented in -
Reference 4. The inter_al spectra were used to assist in evaluating trends
from the internal Kulite measurementS. Fluctuatiflg pressure level (FPL) was
used instead of sound pressure level (SPL) for these Sensors siflce the pres-
Sure signal contains turbulence in addition to sound, The far-field data
used sound pressure level (SPL) siuce the signals that reach the microphone
locations in the far field are prlnclpaliy acoustic_

The cross spectrum, Gxy(f) _ is obtalhed from tht product of the Fourier

tran_for_ of the input signal record Fx(c_, times _he complex conjugate of the
Foufler transfor_ o_ the output slSnal, F=y(t)_ and is expressed as

" Fx(t)F*y(t) (3)

_he square of the _aguitude of this cross spe_trtnn divided by the _u_o

spectra of the input and output signals defines the ordinary coherence func-

tiou which is expressed as i

12
GxX • Gyy

The coherence function expresses the degree of eimiiarity between _he input
and output signals in the frequency domain.

19
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'_: The coherent output spectrum is a means of expressing the amount of the
_ output signal that is coming from the input Signal. It is defined as the auto

• spectrum of the output signal multiplied by the coherence function and is ex- ipressed aS

(co)Gyy •' _2Gyy (51

Another term used tn the analysis of the data is the transfer functlont
noruutlly defined as the ratio of the output-to-input autospectra. However,
since the far-field tignals contain many source contributions, the most effec-
tive way to determine the transfer function from internal to far field was to
use the cross spectrum in place of the output sutospectx_um.

H2 _ Gxy (61
Oxx

This yields a _omplex quantity which can be used to determine the gain and
phase between the output and input as a function of frequency.

The_time delay_ between _wo signals separated by a large distance (i.e.,
internal to fat field) and by Smaller internal separations n_st be removed
from the data to properly align the data records in order to minimize bias
errors in the results. The technique used to identify these time delays was
cros_-correlatlon analysis. Cross-correlation analysis is a measure of the
propagation-time-delay characteristics of signal transmission in the time
domain, in ceoSs-correlation, the input signal is compared with the time-
delayed output signal to determine the amount of similarity between the two
signals. The cros_-correlation function is expressed as

Rxy (_..) -T._® _" x(t)y(t �˜�(71

The normalized correlatio_ coefficient is expressed as

t_hefe Rxx(O) and Ryy(O) are the _ero-time-delay values of the autocofrel_-
tion of the ini_ut and output _ignal, respectively.

Nith large spacings bett_een sensors (distances much greater that_ the
quarter Wavelengths of the frequencies of interest), otlly the acoustic signal
is well correlated and pea_s wili occur in the cross-correlograr_ at values
of tiutedelay that correspond to the distance between the sensors divided by
the local speed of sound. This is typical of cross-correlations between the
internal sensors and the far-field microphones.

2O
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The identification of sou1_ce locations can be determined through the
vectoring of time delays obtained fro_ croSS-correlation analysis. The di#ec-
tion of the propagating signal can be related to the sig_ (_) of the time
delay. Comparing time delays between several pairs of sensors identifies
regions where the time delay goes through zero, which can be _elated to the
apparent location of the sources.

i The location of the source can be pinpointed as occurring in regions

! Where the time delay goes through zero (changes alga) or is near zero. For
i instance, if the acoustic signal originates halfway between an upstream and
_ do, stream sensor the delay time will be Zero (for a no flow condition) since

the signal travel ti_es to each sensor are identical. If the source is lo-

cated less tha_, or mo_e than, halfway betWee_ sensors, the time delay frocn
upstream to downstream will be near zero but will change sign depending on the

conditions.

3.7.2 Time Series Anal_sis Parameter Optimization

The analys{s o_ the data by d_gital time Series techniques requi#_d the
optimization of several parameters in order to construct a procedure that

yielded the desired resultS. The approach condition at 30,8X Fn was se-
: letted as the focal point of the study since it appea_ed to give a reasonable
i degree of signal correlation with the mjority of the sensors and also _as

representative of a _ondition influenced by core noise.

i Variations of the ti_e ser_es parameters _ere conducted to determine
their iufluence ou the analysis results.

3.7.2.1 Tinge Series Parameter Stud_

The para_ters investigated for the study included the folioWin_:

b
1 1. Sample Ratej SR (sample,/set)

2. TrausfomBlock Size, N (samples)

3. Sample Average_, M

4. Sample interval, _t (set/sample)
where At = I/SR (9)

5. Sample Lengthj t (iec)
where t = NAt = N/SR (IO)

5. Record Length, T (set)
wher_T = Mt (11)

7. Resolution Bandwidth, Be (Hz)
where Be = 1/t = SR/N (12),(13)
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8. Resolution Frequency, f (Bz)
where f - $R/2 (NyquisG or Folding Frequency) (14)

9. Random Error, ¢ for autospec_ra
• where ¢ - I/4B'_ (15)

•
!:_ or substituting equations (9) through (14) into (15) yields

¢ - (16)

' Which Says that the amount of random error in a spectral calculation varies
| inversely with the square root of the number of sampi_ averages,

TheSe parameters represent the control available to the operator When
performing t_me-series analysis on the digitai fast _ourier transform analy-

p. zer.

The time series parameters were used to establish operating regions for

employing the time series analysis for_ias noted in Table 3.7-1.

i The parametric study evaluated several effects on the analysis result.

Among these were:

I, The effect, of data bandwidth on cross-correlation (keeping sampling
rate and block size constant but varyihg the analysis window).

2. The effect of sampling rate on cross-correlation coherence, and

transfer function phase angle for internal sensors and internal to
far-field pairs.

3. The effect of averaging on crosS-co_relation, coherence_ and trans-
fer function phase angle for internal sensors and internal to far-

gield pairs.

The effect o5 varying the frequency bands of the data to be analy_d was 1
found to be si_flificant for internal/external results. So_e typlcal examples
of this effect are sho_ in figure 3.7-1. Data bandwidths of 0-i000j 100-1000, I

and 500-1000 Hz were used in c#o_s-correlations of an internal pai_ of Sensors I
and the cor_ probe to a far-Si_ld microphone. Too broad a _ange of frequen-
clea results in broad time-delay peaks that obScur_ the real peaks in inter-

nal/exterual data. NarroWin_ the window by cutting off the Io_ frequency be- I
low 100 Hz While maintaining an Upper limit o5-1OO0 Hz enhances the ti_e-dela_
pears in both _ets of data. Further reduction o5 _he low-frequency end below t
500 HZ minimizes one of the peaks in the internal correlations and washes out
the resoiution in the far-field data, indicating removal of the correlated

signal. The best overall cro_s-cotrelation results were obtained with a Window !
of 100 to 1000 Hz for both internal pairs of internal to external sensors.

!
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Table 3.7-1 Ti_e-SePles Analysis Formulas Using Discrete Finite Fourier

Transform (DFT).

Autospectrum Gxx(f) = DFT x(t) * DFT*x(t); Gyy(f) = DFT y(t) • DFT*y(t)

Autocorrelation Rxx(_) + DFT -I Gxx(f); Ryy(Z) = DFT "I Gyy(f)

Cross-Spectrum Gxy(f) = DFT x(t) • DFT _ y(t)

Cross-Correlatlon Rxy(T) = DFT"i Gxy(f)

NormalizedCross-CorPxy(_)= Rxy(O/Rxx(O)/Ryy(O)

Coherence Function y2(f) = Gxy(f ) 21Gxx(f)/Gyy(f )

Coherent Spectrum y2Gyy(f) = Gxy(f ) 2/Gxx(f )

Transfer Spectrum H(f) = Gxy(f)/Gxx(f )
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a Time Series Parameter Effects
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Figure 3.7-1. Effect of Data Bandwidth on Cross-Correlation,
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i
The sampling rate effect on cross-correlations in this study was deter-

mined at a data bandwidth of 100-500 Hz. Cross-correlations from internal

sensor pairs were checked at 51,200, 25,600, and 12,800 sps, while the exter-
!_ hal data were checked at 6,400, 3,200 and 1,600 sps. Figure 3.7-2 shows the

results. The higher the sampling rate the greater the number of peaks appear
in the data, often resulting in spurious peaks that do not clarify the true

peaks. The midrange sample rates of 25,600/32,000 sps for the internal/exter-

nal results proved to be best for the anal_sis.

i A similar study with the coherence function in Figure 3.7-3 show_ theeffect of increasing the sampling rate to increase• the resolution of the sig-
nal and eliminate much of the 'Mash" on the spectrum.

The results w_h satapling rate on transfer function phase in Figure 3.7-4

are in agreement with these observations.

The effect of increasing•the number of averages on coherence is shown

in Figure 3.7-5. The number of averages was increased from 50 to I00, and

then to 200. Doubling the number of averages reduces the random background

noise by 3 dB. The internal sensors at a sample ra_e of 2560 sps show a small

difference in level going from 50 to i00 averages, but no change for increas-

ing the number of averages to 200. This indicates the coherence function is

achieved with the i00 averages.

Tne internal to far-field comparison shows successive level reductions
with increasing number of averages at a sample race of 5120 sps. This indi-
cates that the internal to far-field results would benefit from increased

averaging.

The results of the transfer phase angle study with number of averages
indicates similar effects as shown in Figure 3.7-6.

• Observations on Parametric Study Results

Several noteworthy observations about the data from the CF6-50 measure-

ments from this time series pa_meter evaluation were made. They include the
£ollowlng:

I. Cross-correlations between poorly correlated signals are very sensi-

tive to computation parameters.

2. Di=tinguishable cross-correlation peaks ate required to precisely
determine time delays.

3. Phase angle plots indicate different propagation time delays for
different frequency bands.

4. Internal-to-internal cross-correlations ate best when frequency
bands are restricted _o 100-1000 Xz.

' 25
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•_ Time Series Parameter Effects

• Data Bandwidth = I00 - 500 Hz
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• TiSe Series Pat_ameter Effects

• 100 Averages
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Figure 3.7-3. Effeet of Sampling Rate on Coherence.
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i, # Time Serie_ Parameter Effects

• 100 Averages
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Figure 3.7-4. Effect of Sampling Rate on Phase Angles.
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• Time Series Pnram_er E£__ects
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Figure 3.7-5. Effect of Averages on Coherence.
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_. Internal-to-external crosS-correlations ate best WitCh frequeflcy
bands ate resttlcted to 100-500 Hz.

6. High correlation occurs between tailpipe to fa_-field and combustor-
to-combuStof.

7. Coherence results indicate O_lO00-Hz energy in the combustor but
only 50-500 Hz propagates to the fat field.

These observations were used in the Selection of parameter combi_ations
which appeared to optimize the Cesults of the study. A Summary of these param-
eters for the cross-correlation a_alysis was found in Table 3.7-2. Two sets
of parameters are listed, one for internal sensor pairs a_d another for inter-
nal to far-field sensor combinations. _is is to be expected due to the rela-
tive magnitudes of the time delays involved. A similar set of optimized param-
eters for the cohere_cej coherent spectra, and transfer function analysis i$
listed in Table 3.7-3, These optimized tim_-series analys_s parameters were
used in the analysis of the core noise data.

3.7,2 2 USe of. Digital Processi_.g Techniques

The digital FFf processing techniques used in the analysis of the inter-
nal and far-field data obtained i_ the core noise investigation program in-
cluded those in the time domain (i.e., cross-correiation) as well as the fre-
quency domain (i.e., cross-spectrum phase).

Time delays associated with acoustic wave propagation speeds were removed
from the internal and far-field data. The removal of the tinge delay between
the sighal pairs was necessary to account for the requirements of the digital
analysis. The effects of t_e delay removal ot_ the analysis results vary
depending oo the type of analysis used and the magnitude of-the tinm delay.
For example, th_ idealized phase plot in Flours 3.7-7 shows the effect of not

removing a positive time de!ay in the analysis to result in a sawtoothed curve
startihg at zero with a po_tive slope to 180", then shifting to -180" and con-
tinuing with the safne positive slope to "„�p�overthe rest of the frequency
range, The frequency at which the lttO* phase shift occurs can be related tO

this time delay by l,
flgO* = 2"_ where _ is the time delay t17)

SeVeral time-delay peaks are also possible. Some of these may be in the
negative direction as illustrated in Figure 3.7-tKa). Removal o5 each tim_
delay from the cross-spectrum phase results in certain groups of frequencies
being in pJiase as indicated by the horizontal portion of the spectrum in _igure
3.7-8(b). The negative-sloped region of the spectrum in the lot_er frequencies
indicates that this region iS out of phase for the time delay fl, and that
s_ill a greater negative delay time is required, to bring this region into phase.
RemOval of this--Second time-delay peak, T2, in Figure 3.7-8(c), places the

3i

_l__ I ......... ,. _ ,:_.............



11I_ !
I

Table 3.7_2. Time Series Computatio_ Procedurel for Cross-Correlation
Uiin8 Time/Data Analy2er vlth PDP 11/35.

.t

Hotmalized Ctoss-Cor_elatlon

': _uterual-Iaternai _lOek Size - 512 • 512 Zeros

Sample Fate = 25,600 sps

Sm_pla _nterval - 39 _eee

Maximum Delay - _ 0.01 see .....

Internal-External Block Size * 512 + 512 Zeros _ 1

_ple Rate * 3,200 spS

i Sample Interval = 313 .see14axlmtna Delay _ 0.16 sec

I
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Table 3.7-3. Tim_ Series Computatiofl Procedures fo_ Coherence,
Coherent Spectra, and Transfer _unction Using
¢ime/Oata Analyzer _ith PDP 11/35.

Internal-internal

_ _lock Size 2,048 Samples
S_ta_pleRate 12,800 s/sac
Resolution 6.25 Hz

, Haximum Data 1,000 Hz
Record Lensth 8.0 sacI,

Interna1-Ex_etnal

Biock Si_e 2j048 Samples
Sample Rate 5,120 s/se_,
R_solution 2.5 Hz

r Maximum Data 2,000 Hz

I Record Length 0.40 sac
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lower frequency _egion in phase but not the higher f_equeucieS, This region
is now positively sloped, indicatin_ a positive change in ti_e delay i_ re-
quired for this region (less uegatige _), TheSe resuit_ indicate that differ-
ent _roup_ of frequencies are travelling at diffeteitt time delays.

The e_fect on the coherence function determined with only one titte delay
removed is that they are uot appreciably in error since the amount o_ the time
delay difference iS quite small, and the e_ro_ associated with this difference
is also small. R_ference 5 gives a telatioush_p for determlnit_g the effect of
bias errors on coherence due to ti_e delays as

_2 = 72 1 -

where
_2 _ _stimated (measured) value of the coherence

function between two Seiisors

¥2 = T_ue value of the coherence function

= Time delay between two signals

f t = Sample length (Equation 10)

The error estimate iS

., l_l i 2

Then, for some typical values of time delays as found in Figure 3.7-8 of t I =
-0.000625 sec and _2 = - 0.00250 sac, the respective _stlma__es on coherence !

are 0.99220 and 0,96899 of the actual value, Osin_ only the primary time
delays and neglecting the multiple tlme delays In the coherence fut_ctfon, does
not seriously influence the quality of the result. This is al_o true for the
transfer function a_litude (Sail1).

The _ohetence function y , transfer function ampl_t.ude, expressed as
$ain, JHI_ and transfer function-phase angle V xn degrees were computed with
a block size of 2048, in a sample bandwidth of 2,5 Hz ove_ a record time of 40

I seconds s_ith tO0 averages. The data are presented on a log frequency scale atfrequencie_ f_o_ 50 to 1600 ltz. The high-frequency cutoff is at 2000 lt_. The
log Scale hlghlish_s the-frequency regions of interest iu each spectrum.

In order to mluit_ize the large e_ount of error associated with the very
lm¢ coherence levels wlth the nu_bee of averages set at 100 (_h_ch was the
amouut eseabliShed .as the opti_m number of averages based on a trade between
computational time af_d signal re_olution), the data below coherence function
values o_ less than 0.[ were i_ored.

I



3.?.2._ Error Evaluation of Time Series Estimates

The analySiS methods used on the data have an inherent amount og e_ror
assoclnCed With each esti_ted value. The random erro_ calculations used
in this repor_ at& based on results formulated in Re_erence G dealing with
Single input/output problems. These error fo_las are based primarily on
the numbef of averages and on the _agnitude of the parameter in question,
and they ate redetived #etsions of the foe_las found in Reference

• Coherent output spectru_ estimates

= [2 - 7211/2/ll,a--

• Coherence function estimates

• Transfer gain factor estimates

[11 = -

• Transfe_ phase factor estimates

In each case, the normalized _ando_ e_ot _or_la i_ a function o_ the actual
cohgrence function _, and the number of averages (M). The estimated value
of Tz is used in place of T2 aloflg with the _umber of averages to fi_d _he
randO_ error for each estimate. "..............

i These confidence-limit relationships ar_ found in Sral_ical form for 100
averages in ¥igurek 3.2-9 throush 3.7-11. Typical values of the coherence
function estimates for the data ran from 0.8 to 0.i which convert to maximu=

and minimum confidence limits on these graphs.
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• Coherent Output Spectra
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Figure 3.7-9. Coherent Spectra Error Estimates.
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• Coherence Function
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Figure 3.7-10. Coherence Function Error Estimates.
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• Transfer Function Gain

• Transfer Function Phase
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Figure 3.7-11. Transfer Function Gain and Phase Error Estlnmtes.
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3.7.3 Sig6al Polarity Identification

A requirement of this program was to provide a verificatio_ of signal
: polarity to each of the internal KuliCes and fa_-field microphones simulta-

neously, in order to perfor_ the phase analysis between internal to far-field
sensors as detailed by the contract. This polarity verification was provided

; , by d combination of an i_pulse signal input to all sensors simultaneously
anid through cross-correlations between senSOrS of know_to_unknown signal
polarities.

'- Prior to actual engine running, a check of the microphone and Kulite sig-
nal polarities was made simultaneously on all sensors afte_ all instrtnneuta-
tiou had been set up. The acoustic instrumentation included 9 internal Kulltes
and 16 far-field microphones. A blast from a 12-gauge shotgun fired in the
region of the core exhaust toward the center of the microphone array provided

, au i_pulse slgual which was recorded on all _ape re¢orde_ channels. The direc-
tion of the pressure pulse on the signal waveform was to indicate the polarity
of each system,

A review of the i_pulse signal waveforms during data reduction showed

/ varying degrees o£ clarity on the faT-field microphone array. Clear pulses
were evident on the 90" and 100 ° microphones which were of opposite sign as
shown in Figure 3.7-12, The amplitudes of the i_p,lSe on the other micro-
phones were less prominent, but also indicated polarity differences. The im-

pulse signals on the internal Kulites were only discernible on the Plane 4.0

sensor• and on the soufld_separation prob_ in the core exhaust (Plane 8.0).

Conclusive evidence of an impulse on the other internal sensors in the combus-

tot and in the fuel nozzles was insufficient, primarily due to the Sensor lo-

cations inside the engine and to the low sensitivities of the high-pressure t
Kulite systems (even with the a_plifiers set at high gain), i

The shotgun blast established the polarity of the 90" microphone to be

negative (-) and that of the i00" microphone to be positive (+) as shown in

Figure 3.7-12, The polarities of the Kulites in the core probe are similarly
indicated fr_n the shotgun blast to be of opposite sign as indicated in Fig-

ure 3.7-13. Probe element A displays a positive (+) pulse while probe ele-
ment B suggests a negative (-) pulse,

Verification of the probe signal polarities wa_ acco_pllshed using cross-
correlation analysis between e&ch of the probe Kulitea with the 90" and 100"

microphones, Since croSs-corxelations between signals of the sa_e polarity
(either positive or negative) will give a positive _plitude to the correla-

tio_ coefficient, Rxy , signals _ith opposite polarities processed through
th_ cross-correlatio_ procedure wzil yleld _ negative correiation coefficient.

_ Therefore, a negative. Rxy amplitude should occur for the ctoss-co_relation
between co-e probe A (+) to the 90" _icrophone (-), while the cross-correla-

t tion between core probe B (-) and the 90 ° microphone should be positive. Fig-
ure 3.7-14 Shows test results at the 22.8% thrust power setting an_ verifies
the anticipated cross-cOrrelation re_uits "_ the 90 ° micro_h_uewith_he core
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probe Kulices. Similar verification is apparent in Figure 3.7-15 from the re-
sults obtained at this condition with the I00* microphone ( €�andthe core

probe Kulltes. These results confirm the polarities of the core probe A as
positive (.) and the probe 8 as negative (-). The polarities of the remaining
far-field microphones Were established using the c_oss_correlatlon results of
core prob_ A wlth_each microphone, aS illustrated in Figure 3.7-16_

' Six out of 15 microphones had negative (-) polarity, The SetUp of the
B&K microphone systems included the 1.27 cm (0.5 in,) microphone head (Type
4134), cathode follower (Type 26.15 or 2619) and power supply (Type 2801) set
for 50R output impedance. Each system was single-end connected to the cape
recorder amplifiers, A check of the individual 90" and 100' microphone Sys-
tems as they were used in the field was made in the laboratory with the same

. results. This suggests that differences in the wiring and/or electronics
resulted in reversed polaritieS with these systems, and that they must be
checked prior to each setup.

The only clear impulse signal obtained from the shotgun blast with the
internal sensors was at the Plane 4.0 sensor (92" from top, clockwise aft

looking forward). Figure 3.7-17 illustrates the signal waveform fo_ this
sensor and indicates a positive pulse. Previous cro_s_correlatlon results

between internal se_or_ from the Experimental Clean Co_t_ustOr Program (ECCD)j
Phase lii, at 30% thrust all gave .positive correlation coe_flcients aS i_di-
cared in Figure 3.7-18. The Kulites for the ECCP test were checked for po-

larity prior to the run by applying a known pressure to the reference Side

of each Kulite individually and observing the signal displacements to enSure

that all had the same polarity (a.poSitive pressure _n the Kulite reference

side gives s negative displacement if the sensor polarity is positive). 1

¢ross-co_relatious between each of the internal waveguide sensors an_
the Plane 4.0 (92") sensor of known positive (+) polarity for the 22,8% thrust
condition for this program yielded results as shown in Figure 3.7-19. TheSe
results were in complete agreement With the ECCP Phase ill results of Figure

3.7-18. The time delays associated with the average speed of Sound between
internal measurement locations were Used to identify the correlation peaRS
_hich turned out t6 be of positive amplitude in each case and confirmed the
positive polarity of the wave_uide senso_s_

1_he polarity of the fuel nozzle s_nsors was detet_llned from cross-

I correlations between the individual fuel nozzles and their associated wave-guide sensors at 42' a_d 102 _. Results from this procedu@e indicJted a
positive polarity for both fuel nozzle sensors as shown in Figure 3.7-20.

i The polarity sugary for the complete array of SenSors used-£_ the CF6-50
! core noise measurements is listed in Table 3.7-4.
b

r

I O Significance of Findings

t 1. If phase analysis is to be performed, the determination o_ signal --polarity is critical...An impulse signal such as a blast from a
shotgun_ or horn, etc., recorded simultaneously o_ all channels
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Table 3.7-4. Summary of Microphone attd Kulite Signal Polarities for
Cote Noise Heasurements.

Verified
Sensor Signal Polaeity

Microphone I0"30'

40'

50"

60' -

I. 70' -
b 80" -

90'

I00" +

ii0' +

: 120' +

130" +

140" *

150" +

160' *

KulLte Plane 3.0 (16") +

Platte 3.5 (42") +

3.5 (102") +

3.5 (282 °) +

Plane 4.0 (92") +

Plane 8.0A. (270') +
8. OB..(270*)

_'uel Sozzle (42*) +

Fuel _ozzle (102') +

|
1

I

'_.

51



provides a quick setup and time-saVing effort during a test run
(as opposed to individual pressure checks to both Kulite and micro-
phone systems).

2. Kulites should be pressure-checked for signal polarity during hookup
:_ by a_plying a positive pressure to the reference side of t_e trans-
,' ducer (gives negative displacement if polarity is positive).

i 3. Microphone systems are not always of the same polarity a_d_st be
checked.

3.7.4 Data Processing
3.7.4.1 Frequency Response Corrections

The internal and far field measureme_t_ obtained during the test run were
corrected for frequency response, where applicablej as part of the data reduc-
tion procedure. The acoustic wavegulde syst_ in the combustor region under-
went ambient frequency response caiibratioU using the plane-wave tube appara-
tus and procedure aS described in Reference 2. The f#equency response cali-
brations were #equlred for thes_ systems to account for probe losses resulting
fro_ the length of the standoff tube on each sensor. Typical frequency re-
sponse calibration results are shown in Figure 3.7-21 for the waveguide sen-
so_s. Tabulation of the corrections for each 1/3-octave-band frequency is
found in Table 3.?-5.

The flush-mounted Kulites located in the core exhaust probe and fuel noz-
zles did not require calibration since previous calibration for the acoustic

probe showed a flat frequency response of up to 10 kHz over the range of in-
terest. The fuel nozzle Kulite system frequency response for liquid measure-
ment is tyically flat Up to I000 Hz.

The far-field microphone systems were corrected for pink-noise frequency
response which w_as recorded as part of the far-field system Jetup prior to test.
These corrections Were applied to the _easu_ed data during data reduction.

3.7.4.2 Power Level Calculatiod

_e measured power level, F_W_neasi was calculated at each measurement
plafle assu_ing the enti_e fluctuating pressure measur_ent was acoustic sig-
nal p#opagatiug as a plane wave axially through t_e engine. The power level
Was calculated using Blokhintsev's _esults (as noted in Reference 7), for the
acoustic intensity flux vector which can be writteh:

=-- (c + v _ ) (c _ + v) (20)
pc3 P P

P, O, and c a_e used in the conventional seflse, wh_re V is the absolute _low

velocity end ep the unit vector normal to t_e acoustic wave front.
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Table 3.7-5. Ambien_ Frequency Response Corrections for CF6-50 Core
Noise Waveguide Sensors.

Frequency, Plane 3.0 Plane 3.5 Plane 4.0
Hz 16" 42" 102" 282" 92"

n

50 0 0 0 0 0

63 0 0 0 0 0

80 0 0 0 0 0

100 0 -0.1 -0.8 -0.3 0

125 -0.2 -0.5 -1.0 -0.2 -0.3

160 -0.3 -0.4 -1 •0 -0.5 -0.5

200 -0 • 6 -0.5 -1.0 -0.6 -0.9

250 -i.0 -0.4 -I.0 -0.5 -I.3

315 -I.5 -0.I -1.0 -0.6 -I.5

400 -0,8 0 -0.9 -0.3 -I.7

500 -0.5 -0•I --0.8 -0.2 -I.2

630 O.3 0 -0.6 -0.2 -0.8

800 -0.9 O.4 -0.6 -0.2 -L.4

1000 -0.4 O. 7 0.1 -0.6 -1.3
1250 1.6 0.8 0.4 1.1 0.4

1600 -0.3 1.1 0.5 0.8 2.7
200 -0.3 O.8 O.5 O.8 -0 •3

2500 -2.5 0.8 O. 5 O. 8 2.7

3150 -0.5 1.4 0 0.9 2.7

4000 -0.3 1.0 O.7 i,.0 3.I

5000 -1.7 2.1 1.2 2.1 4.3

6 Applied to Measured I/3-0ctave-Band Values
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, We are intereJted pcimari|y in the axial cotnponentj hence

i "Ix = I • _x

• + v) . _. (21)
l:: = o--_(c + (c ep x

i"

- (I + _ cos e) (cos e + M cos 0)
p2

Pc

where $ and _ are th_ angl_s made by the acoustic wave front and the flow

i with the a_ial direction. M iS the flow Mach number. The flow the
at rues-

, suring planes is near axial and if a plaice _ave assumption is used here,

p2 (22)I "- (1 • M)2
X PC

The plane-wave assumption also permits the acoustic power to be computed

from a measurement at any point of the cross, section. Using a consistent set

of reference pressure (Po) and specific impedance (O*Co)p the acoustic power
level (PWL referenced to 10-13 watts) is given by:

_ PoCo_
P_q_ - 5PL + 20 log (i + M) + I0 log \'-_c / + 10 log A + 9.9 (23)

or

PWL = SPL + 20 log (I + M) + I0 Io_ + i0 log A + 9.9 (24)

where SPL = sound pressure level re 2 x 10-5 N/m 2

PS, TS = static pressure and temperature at the _easuring station

PoJ To" a_bient (standard day) pressure and temperature

A - crogS-ser.tional area in m2

3.7.4.3 Engine Measurements Verification

The data acquired during the core no_se _easurementS on the cF6-50 engine
were checked to ensure the validity of the measurementS. The far-field data
from the low microphones were compared to previous _est _esults obtained from

a similar test setul_ and found in sha_e and level to agree within ± 2dB. Oil-
line !O-Hz narrowbeud spectra from the internal measurements on the CF6-50 en-

t gine with the standard combus_6r were compared to similar spectra obtained for
the same sensor locations on a previous tes_ with a double annular combustor.
The levels were of the same order of magnitude for both tes:'s.

P
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The core. probe overall FPWL (re lO-13 watts) was co_ared to the far-.
field power levels to evaluate the region of potential core noise dominance
over the engine o_serating line. The far-field results, are from standard day
and free-field corrected data obtained from _easuremen_s around .a 45.72 m (150

ft) aft. Bo_h sets of data ate for lhe lo_-frequency region between 50 to
2000 Hz. Figure 3.7-22 illustrates the results of the cote probe FPWL plotted
against core velocity and the far-field PWL plotted against the effective jet

velocity (V e) brought about by the merging of the fan and core streamS.
This velocity Ve Was determined from the fan bypass ratio (BPR) and jet ve-
locities of th_ fan (VI8) and coi'e (V 8) stt_eanls . using:

(BPR) vl8 + V8
v - (25)e BPR �1

The figure shows that the cote-generated power doulinateS the-lower velocities
below approximately 230 m/Sec (755 ft/sec). This correspmlds to.conditions

below 45% Fn. The ellgine generated power level at velocities .above 230 m/set
(755 ft/sec) is p_iala.rily controlled by jet noise. These results suggest that ..................
the _ost pro_aising conditions for core noise investigation are at the power
settings of approach and belov,. Above approachj the other engine noise sources
overtake the core noise. This observation parallels those for a similar com-
parison reported iv Reference 8.
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_i_ • CF6-50 Engine Test
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Figure 3.7-22. _omparison of Core Probe Power Levels with
Far-Field Measured Power Levels.
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4.0 ANALYSIS ANb DISCUSS/ON OF RESUL'_S

4.1 DII_CT ANALYSIS OF ENGIRE ACOUSTIC _ASUREMENTS
i i i

The _ngi_e acoustic _eaSurementS obtained fto_ the core noise test of

the CF6-50 were processed through 2-Hz na_ro_oa_d a_d l/3-octave-band analy-
sis procedures Co display pressure Spectra from each sensor at all test con-

ditions. A direct analysis of these spectra was performed to (1) identify
characteristics common to internal and far-field _easure_edts, (2) cocpare
internai spectra _th similar en$ine measureaents previously acquired in a
test cell (ECCP Phase Iii, aeferance 2)j and (3) co.pard en_i_e to _ull-scale
angular co_buStor rig results _th a standard production-type co_bustor (ECCP
Phase II, l_eference l). Table 4,1-I summarizes the ECCP I_aseS II and i_I
test t_oir._s for compa¢i_o_ _t_th the cote noise program test data. Tabulations
of require_i aerodyn_nic p_rformance par_net_rs are included in this subsection.

4.1.I l_t_rnSl and Far-fleld Spectra C_nparikon

The internal and far-field measurements p_ocessed as 2-li_ nar_owba_d
spectra were obtained directly fro_a the measured data. T_e I/3-octave-band

spectra from the internal sensors are corrected fo_ ambient frequency response
o_ly, _hile the f_t-field m_as_re_ents are corrected to 288.3 K (59* F), 70_
R.ll. standard day atld free_fleld conditions.

The internal spectral co_patlsons _re _ade over five representatlv_ test

conditions covering the cou_plete erlgine sea level static operating range a_d
included 3.8_ (idle), 22.8, 30.87_ (approach), 67.8 and 99.87_ (takeoff) net

tl_rust settings (_ Fn). COmparisons o£ the fuel nozzle spectra _th the

associated spectra from _he waVeguide probes included ar_ additional low po_r
point at 15_ Fn. Si_ilat comparisons with the fa_-fleld spectra included

all of the above six poWer settings. The narrowbatld and l/3-octave-band Spec-
tra for dll sensors a_ each of the original eight data _oints in the test ma-
trix are found ifl Reference &.

The interr_a! _eaSure_ts consist of _luctuating pressures and include
both turbulenc_ and sound (?PL spectra). The far-field measur_ents ate

considered t_ represent the engine acoustic, signature which iS c_rised of
many Sources (i.e., fa_ combustor, turbine and jet, etc.). Th_ turbulent
contribution, however, is not _esent due to the distant location of _he

_icrophones in the far field. The far-field _p_etra, therefore, ar__ soutld
preSSure level (SPL) spec_._a.

&.l.1.1 Internal _4easurements-

The purpose of the internal spectra comparison was to identify charac-
teristic trends in the fluctuating pressure level spectra that might be ob-

served in the far field, li





P.lane 3.0 ¢c pre,6o¢ oi,char e

The Plane 3.0 s_nsot, located in the Madar port be_w_an the diffuser

i strucs (lb" clocicwise fro_ _op, aft looking forvard), rAeaJu_es flOctuatihg
• pressures from the compre0sor and ¢o_b_itot tegiot_i. _igure 4.1-i shoVs (he

2-HZ hartowband FPL spectra tO 2000 Bz for the Platte 3.0 vaveguide probe _d
¢ itiust_ates the spectra vaeiation with etlgi_e cote ipeed. P_edolni_ant fre-
1 quettcy regions appear between 200 to 400 Hz and 700 to 1300 Hz. The 1/3-

octave bmtd spectra sl_o_ in. Pigu_e 4.1_2 for the compressor discharge platxe
)! _eflecC the high-energy, dual-frequency regions at higher po_e settings.

Pl4,ne3.5, Combustor _nlet

I
l_e _htee wavegu_de-type 8ensorsj located a_ the combustor inlet plane in

the 42 , 102", and 282 _ bo_escope inspe_tlon ports, all displayed similar Spec-
tral _hape_ arid FPL's indicating clrcmnferentlal uni_omity of the _uctt_atln_
presSureS in this region, _ieh is just aft of the fuel nozzles and Ignitors.
Typical 2_i_z uarro_baud results _o_ the sen_o_ a_ the 282' _osltion a_e sho_u
in Pigure 4.1-3 _or give represe_itative co_ditions including idle (3.8I Fn)_
approach (_0,8_ Fn), and takeoff (99,8Z _n) p_Wer. A general i_crease in
_L is apparent with increasing _peed. A bilobed characteristic is evident
above idle se_ti_g in the frequency regions betweed 200-500 and 900-1300 Hz.
A similar observation is noted from the 1/3-octave-baud results in Figure
4.i-4.

Fuel Nozzla Sensors

Two fuel nozzles located at the _2" and 102" positions _te inStrt_nehted
vith Kulite-t_ansducets. Neasure_ents of liquid (foel) pressure pulsations
were made alo_ with the floctuating p_essure _easure_nent_ acquired _;..th the
vavegu_de sedsors in the gaseous media. Co_npa_isons tmre made of the spectra |
fr_ the fuel nozzles and associated waveguide sensors in the same v_cinity,
using • coNmot_ fluctuating ptes_u_'e level (F_L) referet_ce p#eesure of 2 x 10-5
l_/m2, i_noring the i_ped_nce difference bect_efl the liquid add gas. As _uch,
the _uel _ozZle spectra were used _o co_npate signal content and shape rather
tl_an absolute _agnitude. !

Fuel $_stem O_ration

T_e CF6-50 fuel system, as related to the combustor noise meausrements,
consists of the _ain fuel pu_l_, main e_sine control_ fuel manifold, and fuel
noz_ies.

The main fuel pump is the p#ime _over of fuel to the fuel nozzles and
contains rotating parts that transmit signals to the liquid fuel. A schematic
of the CF6-50 fuel system and main fuel l_ump sho_ing tl_e path of combustor
fuel flow is illustrated iu Figure 4.1-5. Foel enters the pump _rc_ the fuel
supply. The fuel for combustion is directed into a centrifugal boost /repeller
_hich discharges the fuel through a debris screen and ihto a high-pressure

6O
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Figure 4.1-2. Variation of Plane 3.0 One-Thlrd-Octave-Band Spectra with
Percent Net Thrust.

0. I
I

I

_._ ...._.........: ............. _. ,i



63

J



170

180"

_ISO"

140"

130.

*: : : s" "si " "_..........120 50 8 i 5 2"00" 16 "00 e 0 1250 2000 3150 5000
FREOUI_NCT,HZ

Figure4.1-4. Variationof Plane 3.5 One-Third-Octave-BandSpecLrawith
PercentNet Thrust.
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_ gear element, increasing the pressure of the fuel delivered to-_he main engine

,!: control and eventually to the fuel manifold and fuel nozzles.

The high-pressure gear eleinent contains two positive displacement, count-er rotating, 12-tooth g,_ars. Fuel flows around the gears, and the gear teeth
_' push the fuel through the passe.gee. This action is similar to an a_r chopper
i siren device (previously used for acoustic tests) which allows air to pass

through a rotating disc containing numerous tmiform slots and then dischargi._g

}_ the air through a aingle orifice to genorate multiple tones.

The combustion fuel delivered to the fuel manifold is of high pressure
(>69.03 arm, 1015 p_ig). The fuel manifold supplies fuel to the 30 fuel noz-
zles which cohsist of 3 diffetellt types. A fuel nozzle s_hematic is shown in
Figuee 4.1-6. _ne-half of the fuel nozzles are the dual flow primary-secondary
type. The primary passage is always ope_i and fuel flows through it anytime it
is presen_ in the nozzle (at _11 conditions). Fuel flows through the Secondary
passages only _hei_ the l_essure diffetetltial acrosb the fuel divider valve is
sufficient to open the valve (_bout 14.28 arm, 210 psi).

There are 14. secondary-only type fuel nozzles. Fuel flows through these
nozzles when the flow divider valve 6F reaches approximately 16.33-17.0 atm
(240-250 psi). These nozzles cut on at higher power settings than the primary-
secondar.y nozzles. A special dual-flow nozzle is used between the igniter
plugs to provide a primacy flow for better flame cross propagation at light
off.

Comparison of Fuel Nozzle and Plane 3.5 Spectra

The narrowband FPL spectra from the fuel nozzle sensors are displayed
in Figures 4.1-7 &ld -8 for six speeds covering the CF6-50 operating line.
Several _istinct tones are noted throughout the frequency range. A few of
these tones have been identified as being directly related to the fuel sys-
tem. A predominate tone around 200 Hz is thought to be associated with the

fuel nozzle flow divider valve spring critical frequency which was determined
from vibration tests to occu_ at apptoxiulately 200 Hz. The first harmonic of

this tone is apparent in the 400-Hz region of both nozzles at each speed.

i The two 12-tooth drive gears which l_ressurize the fuel in the main fuel p_np
were idenr.ified as the source of two $o@e prominent to_es. They are related

to the seat tooth passing frequencies, occu_@ing as a 12/_ev and 24/rev of
the fuel pump speed which for_s a 0.584 ra_io with the engine core speed.

_ The broadband of the _rimary-secondary nozzle spectra in Figt_re 4.1-7
suggests a bilobed spectral characteristic. The first notable region nectar::

between 250 and 500 Hz, while the second occurs between 1200 and 1600 Hz.

more drmnatic display of the broadbafld characteristic is found in the second-

a_y-only fuel nozzle spectra in Figure 4.1-8. The most predominant broadband
lobe occurs at the higher frequencies between 1200 to 1600 Hz, while another

lobe is found in the region between 400 to 700 Hz, but _s uot as _ll defined.
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_ The narrovband spectre from the vavesuide sensors located at 42" and 102" "

in the combustor inlet, Plane 3.5, end at the me circumferential poaitlons
as the iAstrulented fuel noises, ate shove in Fikures 4.1-9 and 4.1-10, re- I
spectively. The spectral variation with ensiAe core speed of the 42" Rvesuide .,
Sensor i_ Ylgure 4.i-9 shove that the spectra develops a bilobed shape that is
constant with iucreasiuB speed. Peak regions occur between 300 to 400 H_- and "_,
1200 to 1300 iit_ 5hey correspond Co sillier reKions n_ted for the ansocisted .;
secondary-only fuel nozzle spectra. _he waveguide spectre at 102" (Figure

_! 4.[-I0) indicates a similar bilobed characteristic _th peaks occurri_ in thesane frequency realises as indicated for the _/Jaary-secondary £uel no=tle spec-
tra in Figure 4,I-7, • b

A Ceml_rison of the fuel nozzle I/3-OBFI_L spectra to the spectra of the
_,ortespondin8 vavegwide sensor at the sJme circu-ferentlal poeLt_o_ indicates . i

the regions of spectral she.pe, sltilarity on. a 1/3-octave basle over the range

O£ operatlng conditions as ztlustrated _n Fzsures 4.l-It end -12,. 5_,e plots iLn F_gure 4,1-11 thou that the pr_t_h-secotlda_y nozzle exhibitd puke betveen .,
the 250- to 500-Hz 1/3-c_ave bands end betweeA the i000- and 2000,Hz bands

• uhich tend to match siuilar regions in the vaveswide sensor at 102' for con- ..
ditions above idle, i

The secOndary-only nozzle spectra _orma three proalnent peeks a_er the
valve cuts on and reaches full operation at cend£tLons above idle as shots in
Figure 4.i-12: A lov-frequency peak oc_ra in the 200-Rz band _nd i8 apparent
in both nos si_b at all dpeeds. _hia _s a tone_domlnaced regiot_ as seen frown
the da_ro_bsflds o£ Figures 4,1-7 and -8. The tone is attributed to the fuel
nozzle valve spring Critical frequency thlch bccure at about 200 llz.

_he e_dfrequency peak in Figure A._-12 overlaps with the 250-500 Rs
rejlon in the prhury-_econdary nozzle in Figure 4.1-11. It e_tendz frou
approi_ately 400 to 630 _z. But at tal_bff, it uatches the pri_r_'-secbnd- "
• ry region, This region has bee_ typically denoted as the teresa vhe_e the
peak in the core noise spectra bCcurS.

A third peak is apparent in the region between the 1000- to 2000-_ bends
In both fuel nozzles and vavesuide sensors. This is _ost probably the result
of the large bro_db_d lobe _nd not the tones identified ifl this region f_o_ _ !
the nar_o_b_nd spectra,

Observations fto_ .Fuel Noz_ie Cola_arisons

I I. _e spectral shapes of the fuel nozzle shd cmmbustor wavegu/,de isensor measurements a_e simii_. The degree of si_il_rity in- i
_ creases _ith inctea#ed speed, ii0_ver, the peak regions do not
l. vary with speed but risen in fixed frequency b_nd8.

2. The internal spectra _hlbit a bilobed shape with peaks occurring
between 300 to _00 Hs at_d L_Q0 to 1600 B_. The lov frequency peak

' co_reSponds to the typical frequency r_e associated wlth c_mbustor
: noise.
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L.
3. _he fuel _ystem components are the sourcc of several, of Lhe tones

apparent in the narrowband spectre of the fuel nozzle measurements. :_
Some of these conea have been identLfind in the far-field measure-
ments at idle condition (see Reference 4). ' ....

i _Plane 4.0 Combustor Discharge

!

!

The Ueasure_aents at the. combuetor discharge plane, 4..0, were made wLthln !
{_' the high-pressure-turblne nozzle diaphragm. The flow through, the nozzle

_. diaphral_n i8 choked 8t the ezit (throat) o_er _ost of the operating conditions _ _)above idle. 'the _tch n_ber at the sensor location is a relatively constant

0,$5.. Figtwe 4.1-13 illustrates the narro_band s_eetra Variation wlthcore
r speed. A similarity battmen spectra shape at this plane r.'.th the combuet_r
, _. inletis apparent frOk a.coaparison with Figure,.l-3. The I/3-oct,e-band

[ spectra (Pigure 4.1-I_ shows a lobe in the 250- to 800-az frequency reglon.The higher frequencies (>800 az) show a general ihcrease in FPL at all
cote _peeds.

Plane 8.0 r COre Nozzle Discharge

{_ _he Jound-separation probe USed at the exit of the Core ezhaust nozzle
was positioned at a central immersion in the exhaust annulus. Figure 4.1-15
illustrates the variation with engine cote speed of the nartowband spectra

( frees the forward (A) gulite on thd probe, The low pressure turbine BPF's of -
} the first, second t and third stages ate noted at the idle power 8ettin 8 of

, 3.8X Fn. These tones disappeJr from the spectra range at higher speed poiuts.

I" The shape of the spectra remain about the .s_une throughout the ensine operatin_
_ range. _he 1/3-octave-band spectra displayed in Figure 4.1-16 show similar

i trends. The loser power settings (<30,8Z Fn) indicate a peaked frequency
_! I region around 200 to 630 Hz dtlch Sp_ns the typical combustor noise region.

A sugary of the internal pressure spectra (FPL) variation.wlth e_ine
speed i8 p_esentad in Figure _.I-17 for the six conditions coveting the

I" ope_atlns r_S_. This figure illustrates the trends from each of theintertta_ sensors in relation to each other.

i 4.i_1.2 Far-field MeuutementS
The far-fleld _eaeure_ents taken in conjunction with the internal measure-

ments st each test condition wets processed in 2-Hz uarrowb_d and l/3-octave-
b_d spectra, &h i_dication of the v_riation of narro_band spectra content
W_th enSine core speed id illustrated in Figures A.I-i$ through 4.1-22 for

_coustic far-field ankles of 30", 60", 90 °, 110 _. 120", and 150", respectively.

_he narroWband Spectra at idle show several tones at Various angles
r" around the arc, sc_e of uhich occur at higher frequencies as 8 function of

I core speed. _he most predomiaant tone in the _ar field at all speeds is the
fan blade passing f_equency (_P_) (A). Ocher tones at idle po_r, in addition
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Figure 4.1-13. Plane 4.0 (92 °) Internal Spectra Variation
with Engine Core Speed.
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Figure 4.1-15. Plane 8.0A (270 °) Internal Spectra Variation with
Engine Core Speed.
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Figure 4,1-21. Far-Field Spectra Variation at 120 o Acoustic Angle.
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to the fan BliP, include the fen booster BPF and fan second harmonic (B), those
from the fuel pump gear (C and D), and loW-pressure turbi/_e third mid second
st qe BP_'s (E end F).

abe fuel pump gear toneS. (C and 9) were idantigled in the internal FPL
spectra fr_ tits feel _*tle sensors, These resultl sho_ that the fuel system
c_ponents are the sourceJ of HVerei tones appa'rent in the far-field data at
low power tetLings near idle.

The i/3-octave-band far-field spectra p_esented in Figure 4.1-23 illus-
trate the spectra variation at selected _ies versus core speed.. They sup-

_ port the earrowband results prevlously discussed.. The spectra at the typical

peak core noise ingle o£ 120" shows the SPL co peak around 400-S00 itz for con- i
i ditions below 30.82 Fn. Similar peaked regions are noted eC 110" _d 90". i

i 4.1.2 TestInternalceI1SpectraComparison from Englne Outdoor Stand end

_e CF6-50 engine inter.hal measurements acquired during the core noise
iuveetL_atlot_ _th the standard p_oductlon s_t_ular coetbustor were c_pared _
with similar messurments obtained on • CF6-$O englne with a double a_nular
co_bustot run id a test cell (Re_erence 2). The purpose of the coJpa_iso_
t_as tO check the general Spectra levell t_iChin each _anbusCor _d note d/f-
ferences. The idle, approach, and takeoff pvwer settles were _elected go_ "_

t cc_nperison. Engine results were cc_pared on a 1/3-octave-b_nd _P_ spectra
basts co _ccount for dif_erence_ in state properties and c_bustor _eas.

F_gure _.1-24 shows the CF6-_O internal po_e_ spectra cc|aparfsod at idle
for Pldhe_ 3.0, 3,_, _,0, and 8,0. The open symbols represent _he standard 1
annular combustor results obtained in the core noise program, while the _olid
symbols represent _he results obtained in _-CCPPhase _Ii on the double _nuler

i co_bustor _• The power spectre at Plane_ 3.0, 3,$, and _.0 _ree within _ tO _ dB
above 2_0 Hz (except for the _00-Hz Code in the ECC_ Phase III data). The
spectra shapes ate also similar, A large difference is noted at Piece _,0
with the standard co_bustor dace falllf_ i0 to 15 dB below the double _nnula_
results, O_e p_ssible explanation of the differences observed between the

_ two co_bu_tors could be the pilot-fuei-o_ly operation of the double _nuiar
cc_buetor at idle as opposed to the alternate fuel nozzle operation for the
standard c_bustor, The piloe-£u_l-only operation at those lo_ power settings
generally produced higher F_L'S as noted in Reference 2.

The approach-power co_parlson illustrated in Figure _.1-2_ shows a much
closer agreement o_ both spectral shape _d level. Thls condition has all

_ fuel nozzles operating for both the standard and double _nnular co_bustors.
The difference of about 10 dB at the low fwequencies (_2_O fie) in the core
exhaust (Plane 8.0) may be the resolt of higher turbulence experienced on
the core probe wlt_ the factory plug hoz_le installed for the test cell run
(ECCP Phase _II). A long fixed nozzle was used on the core exhaust for the
outdoor test of the engine. It offered a smoother, more gradual expansion
path to the exhaust flow through noz_zie.
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Figure 4.1-24. 0F6-50 Internal Power Spectra Comparison at Idle. !
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Figure 4.1-28. Comparison of Engine and Duct-Rig Power
Spectra for Standard Combustor at Approach.
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NOTE: The filled S_bolS represent duct ri_ test data.
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Figure 4.1-29. Comparison of Engine and Duct-R_g Power
Spectra for Standard Combustor at Takeoff.
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!
l A n,_ber of differences exist between the engine ahd duct-rig combustor

configu_ation as noted in Reference 2. They include differences in measure-

ment platte locatiofl, instrumentation, the presence of a choked turbifle nozzle.. diaphrap in the engine, and the variations in test conditiofls tbich all cbn_..
tribute to the difference_ in levels apparent between engine _d Uuct rig.
Rovev erj the overall enSiue-to-duct-rlg Qc_parieot_s with the standard .c_busto_

show 8ood results. .............

r 4.1.4 Ae.rod_ntamic Parameters

A _ary of the enS!na a_._odynami_ perfomance infor_at_otl for the

I_ CP6-.50 co_e no_..e progr_ is found in Table 4.1-2. _e per_omance data i!were obtained from an average of two _NS (Data Nanagement Syst_) _eadings
taken online at the beginnlng and arid of each steady-state condition. _he

- data were supplemented by data_ from the engine-run lOsS and cross plots from

I, the sea level static cycle for thii e_glne to complete the performance _nfot-
matron. Static pressures and temperatures detefmlned _rom is_ntroplc rela _
tlonships are inclnd_d in the table along with an estimate of the loCal Nach

'-,_ n_nber at each ,easurment plane, A totai of 14 point, is listed in the
I_

table _ich include repeat,readings at 3.8_ _n (idle), 30.8_ Fd (approach)_
4_.6_ Fn, and 8_._ Fn (chmbOut) _hich _er_ taken tO check data. repeat-

t abilit_ over the ol_rating l_ne.
_he _6-50 sore noise aerod_a_ic parmeters computed _rom th_ engine

p@rf_r_ence i_fona_t_on a_e listed in Table 4,1-3 for each test cond_tiod,

The _denti£1_atlon og the primary noise SburCe lo_ati_n vlthln the C_6-_0
combustor Was a_compllshed _hrOugh the vectoring of the ti_e delays _rom cross-
co_relations bet_en pairs of i_ternal _ensors. _he sebsor p_i#s co_slsted O_
a for'wa_d sensor _iich p_ovided the input signal and an aft sensor for the out-
put signal. A review Of the signal r_solu: .on _r_th various c_bi_atio_s of
internal sensors, including the do_ttstrea_ sensor_ in the core exhaust no_21e
probe, shoed the best c_nbination of _ensor pairs got this analysis to be be-
tween P18ne 3.0 tO Plane 3._, Plane 3,5 tO Plane 4.0, arid the sensors between
Plane 3.5 (42") to _.5 (102") end Plane 3.5 (102") to 3.5 (282"). C_oeS-corre-

l lat_ons between _ety of the combustor sensors and the dovn_tre_ probe in the 1
core exhaust g_Ve poor resolution (0xv < 0.1) _ld, consequently| were not used
in the source location _nvest_ation/ k quantitative _valuation of the fre-
quency bands associated with the time delays froa the cross-correlatlons was
detete_ined through the use of the cross-spectr.*n phase for each senser pair.

t The conditions _nvestisa_ed included five low-power settings f_om idle• to approach and three highe_ power points above approach to the takeoff con-
dit_on. _strictlng the majority of the source location investlgation to the
lo_ power settings gave better resolution to the cross-co_relations between. ............

I sellaor8.
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"I'ah!e 4.1-3, CF6-50 Gore _O£Ha A_rodynamic Paramete_-s.

i_. 6 N_ttic UflitS

I

Poi,t _s eas. : F. m2/_2 w 5 w:) rT3 ^k f/. AP43 A74:)_:3 _54 va Hn_ _3
No. (._VeFaSe) (Ho_i) rput 18_8"e'¢ ks/_c _ J_fli_a attb it i/Joe k'v _ll_r;/lit-Pat

r , .. s¢c_-aLm-_2 : _ .....

1 544-56`5 3,8 6564 15.8 16`,9 _J16.2 .OIOI ,l_ :)._2 t,_. 3 i2.6 5/,35i.0 2_15.§
11_ 569-570 3.8 6444 14.9 16`36 _93.7 ,0106 .01 O.30 6`08.4 12.1 5411.8 305.1

. 2 $71-$7:_ i5.0 8034 42.8 4075 1672.7 ,0109 .36 4._2 388.:) i8._ 1604_.6 374.9

i 3 54_'-548 22.8 8452 55,4 52.4 1026`.7, .012_) .47 4._6 6`50.6 I_.5 22843.8 394,§4 549-550 26.7 8660 58._ 55.6 i081.7 .0120 ._2 &.01 468.3 19.7 2_2_7.9 395._
_ 5 5_1°5_2 30.8 8686 62.9 59.4 10_2.6` .01:31 ,53 4._S 49.5.0 19.5 28282.8 41/..7

5it 573-574 30.8 8697 e2.9 _9.4 104§;7 ,0i32 .$7 4.8i_ 493.4 19.5 28364.6` 416`.4
6 55705S8 36.5 8882 70.1 66.2 1(_.1 .6139 .61 /'.58 529.5 19.8 33449.8 432.3
7 361-S62 45.6 9106 7_.2 73. _Y 1027._ .0154 .67 _.33 571.1 1_t.§ 6`1:336.& 4,_6.7
7R 575 45.6 9106 78._, 74.0 102_.8 .0155 .69 _._/) _71.7 ig._t 41608.4 459,1
8 563-564 _7.8 9668 10',._ 96._ 102_.2 .0182 .9i 4.:)3 658.3 20,6 63364./, 515,1
9 565-$66 85.5 _964 112.6 106.4 991.0 .0201 1.Ji 6`.52 703.4 20.6` 7777_.7 5_0.9
9_ 578 _.5 9_64 112.9 10_.6 992.9 .020_ 1.06 4.30 711.1 20._ 7875_.Y _5.7

10 .,_67"568 99.8 10281...... 120.| 113.4 936.6 .0230 i 1.23 6`.34 743.§ 1§.7 _6_8.6 $71.0

!

6 _/_ildh //nits

w36"T'_":) sr x 1o6
Pc_int IM$ idis _ F6 _/_ W25 _3 PT3A3 f/_ _P6`3 _P43/PT3 AT34 VR HRe Btu

I_. (AvdrJli;_) (Non) ir'dl_ lb/sec ).b/Be," lb V_--R lbf/kltat pet _ "R EL/sue kw _3--'_"_
J r

1 5_&u545 3.8 6564 3_.8 32.8 O. IJLO0 ,otoi 1.7() 3._12 733, | 41.4 5439.0 2.d98
lit 569-$70 3.8 6444 32.8 N.9 I 0.1028 .O106 0.15 O.30 735.1 3_ .8 5At 1.8 2,988
2 571-372 15.0 8034 94.4 89.3 0.13_/, .010_ 5.29 6`.92 699.0 61.3 _O6,5,O 3.672
3 5_7-56`8 22.b _1452 122.1 115.5 (_.129i .0120 6.§1 6`.76 811-.0 (33.9 228_3.8 3.868
4 _,9-550 26.7 8660 129.6 122.6 0.1405 .0120 6.17 6`.01 86,3.0 _.8 24257.9 3.876
5 55i-.552 30.8 8686 138.7 131.0 0.1366 .0131 7.79 _.55 _91.0 66,.1 2e2d2.8 4.062
511 573-576` 30.R fl6§7 |36.7 13i.0 o. 1362 .0132 8.38 4.88 I_e.o 63.9 28364.6, 4.059
6 557-J_J8 36.5 8882 134.$ 145.9 0.13{36 .0139 8.97 6`.58 95_.0 64.8 3_r_. 8 4.205
7 56|-562 45.6 9106 172.4 162.9 0.|336 .0156` 9.85 6`.33 _028.O 65.2 41336.4 I 4.47:)
71 575 45.6 9106 172.8 t63_1 0.1336 .0155 10.16` _.44 102_J,o 65.1 4160804 4.503
8 563-364 67.8 9668 226`.4 212.1 O.1331 .0182 t3.38 4.33 1185.0 67.7 63364.4 5.048
9 $65-$66 8-5.5 9964 248.2 :234.6 0.12_7 .O201 16.32 4.$2 1266.0 66.9 77777.7 5.299
911 57J 85.5 9964 26`8.9 235.0 0.1289 .0204 15.58 4.30 1280.0 67.2 78756.7 5.345

b 10 567-568 99.8 10281 _ 264.8 250.(_ 0.1215 .6230 18.08 6`;34 135_.0 64.5 94638.6 5.593



_.atlon from
_ 4,2.1 I_ Vect_rin o5

A 10_ pO_rr sett_._ Of 15Z F n _aS used to illustrate the _tosS-cOrrela _ .
! tlotz results graa the eight conditlbns investigated. The results presented

for this condition ate, in general, typical o_ ell o£ the other pover settinas. • !
A stmmary taboiatlon o£ the time delays fT_ sensor pairs at all test points
is presented in Table 4.2-1.

_ The internal sensor pairs _rom Plane 3.0 (16') to 3,5 (&2') indicate a
: neSatlve time delay (-0.85 meet), as seen in Figure 4,2-1, _or the pred:nl- i
: nan_ peak Which dorresponds to a velocity of 485 m/s (1591 ft/sec) _hen using
: a linear distance between the sensors of 0.4125 m (1.353 f_), _hls velocity
| is close to the acoustic velocity of 460.2 :/s (1510 ft/se_) computed for this i

condition at this location. _he negative time delay indicates that a wave mov-
ing at acoustic prop aaation speed is ttavelln$ in an upet_e_ direction f_cm
Plane 3.$ _o 3.0, Sim£iar results ate detet_nlned £tom negative time delays

I obtained between the Plane 3.0 sensor with Plane 3.5 (102") and 3.5 (282")
8ens0r_.

She Plane 3,5 sene_t_ pai_ed with the Plane 4.0 sensor in the HPT nossle
diaphr_ at the combuetor di_harge Shoved primarily positive or very neat
zero time delays. _igure t_.2_2 illustrates the slightly po_Itive time delay /
(0,0h asset) gO_ the Plane 3._ (42") to 4.0 (92 _) sensor pair, _hile Figure
_.2-2(b) i_dicate8 a sllghtly negative ti_e delay (-O.03 _eec) for the Plane
3._ (102") tO _,0 (92') sensbr Cclnb_Aatio_, This very _all (_:)time de-
lay _u_geets the a_ouetlc slguals i_ this vicinity are reachln_ both the Plane
3.5 (4_'), 3,5 (102'), and _.0 (92*) sensors almost simultaneously. _he rave
dlrectiOne ate ou_ested to be generally n_mal to the linear distances betveen
sensors at each plane and propagatin_ in an aft dir_:tion. The double-peaked

time delay resulting £r_= the cross-.eorrelatlou between Plane 3.5 (272') to
Plane 4.0 (42*) in Figure 4,2,.2(c) illust_ate_ the go_ard and a£t mOvement o5
acoustic waves between these sensors,

k 1OO_ at the time delays associated vith the Plane 3.5 senso_ at
dL_gereAt Circum_erential locations indicate a positive delay ti_e og 0,2 msee
betveen Plane 3.$ (&20) to 3.5 (102") in Figure &,2-3. _he Plane 3.5 (102 ° )
to 3.5 (282") cross-correlation short a double peak with positive and negative
time delays in Figture &,2-3(b) vhlch is si_niiar to the results between Plane
&,0 (92") to Plane 3;5 (282") (see _igure _.2-2), _his _uggeste that the t_o
or 2ore se_s o5 eaves are moving circu_ferentiaily around the co_busto_ in
this re_iofl. _igure &.2-_ su_arises the results of this comparison and
illustrates the time-delay vectoring at 15_ Fn, vhlch is typical o£ other
conditions.

4.2.2 Source Content Evaluation from Cro_s-spe.ct.ra. Phase

The crosS-Spectra phase associated with each cross-correlation bet_en [interval senso_ pair_ was determined to quantitatively identity the frequency
regions associated with each time delay peak, since there was often more than
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d

otte peak. The time delay of_ the cross-correlation waJ removed frc_ the cross-
spectrum phase (_thin the limits of cdmputatiottal l_tSCticallty) to gi_e a
neu zero phaJe shi£t to selected frequency te$iotts, ideati£icatio_l of corre-
lated _equency regions associated _th the predomin_e time delays frcz: the
cross-correlations becwe_ c_mbustor tensor pairs _as accomplithed through
Clue use o£ the cross-spectrum please at the output signal, The cross-SpeCtrum
phase plots indicate the frequency teglons that have ne_ zero Fhaee _ift.
_hax zero phase frequency regions ate the freque_ies ehac move ac the w_e
propagation speeds defined by the time delay peaks,

_]' Ffgute 4.2-$ illustrates the zero phase frequency reslons in the etoss-
__!: spectrum phase plot that correspond to the time delay peaks in the croSs-cot--
i relogrm of a pair o_ sensors from 3.0 Co 3,5 (42") for the 30,8Z Fn (ap-
_ protch) condition. The first correlation peak in figure 4.2-5(a) 18 at a nega-
:_ tire tlme delay of -0.625 msec md is associated with a #sKins of frequencies
_ between 500 to 850 Sz, iiiustrated by the near zero phase region of the cross-

spectrum in Figure 4.2-5(b). 1he second cor_elntiot_ peak at -2.50 msec in Fig-
f ure 4.2_$(a) is astocleted vlch a 1oar feequeney region between 100 and _50 Ha

as seen in l_igure 4.2-5(c). BOth Of these bands of frequencies are travelin8

upstrem but at different times uhlch may suggest different propagation paths 71

I dlr eCt 2,on.

-! in the sine general ' ' _

Figure 4.2_6 illustrates that the frequency band associated with the i
time delay peak between the Plane 3,5 sensor _d the One at Pl_e 4.0 (92 _) _!
fo_ the 30.8_ _n condition _s concentrated at frequencies from 500 to 1000
l_z. The slightly n_ative time delay su$gests that this zero phase _liifr --
baud of frequencies teaches both sensors almost simultaneously, buc that the
signals have a generally £orwerd direction o£ prop_atlon at this location.

_he results from the citcu_fetentially displaced sensors at Plane 3.5
show in _Igu_e 4.2-7 that the slghal is _ravellt_ _rom the sen_or at 42_ to
the One at i02" m_d is comprised of the Iouer _requencies between 100 to 400
Ha _dlieh genetaily are attrlbuted Co combustion noise,. _t_e higher frequencies
ere associated with the small peak at zero tithe .delay, The phase m_Sle is
fncreasi_ at a very slow rate above 500 Ha due tO the _all time delay assoei-
ated w_eh the_e £re_uenCie8,

similar _omparison cOnduCted at the takeoff conS{tins (_9.8Z Fn)
shows chat correlated frequency regions between 600 to 1000 Ez and 200 to _00
Hz Occur (_igu_e 4.2-8) for the Plane 3.0 to 3.5 (42') sensors uhlch corre-
spond to the time delays of -0.8 and -1,9 msec noted in the cross-carrellogr_m.
The low (negative) amplitude of she -0,8 msec peak is the result o_ the 100-
to lO00-Hz frequency band influence on the high frequencies above 600 gz. ]
Since both of the time delays are negative_ the weves are movleg forward _ztd
contain acoustic, energy regions co_rised of the frequencies identified above.

_igure _.2-9 _ho_ the frequencies above _00 Ha to be 8C zero phase with
a time delay o£ -0.078 msec for the Plane 3.5 (i02") to 4.0 (92") sensors at
the takeoff condition. These _equeuclee dominate the region between the sen-
sors and appear co move in • fOr#ard direction.
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The coetelat_d _tequency tqion in_PtSure 4.2-10 between the canbu_.or
.... 8@uJO_l from Plate 3,5 (426) to 3,5 (102e) is l_iJtlrily cemp_iged Of lOW frP

quencies (100-$00.11z) which travel with a positive time delay (_0.703 mse_)j
ippnently in a eirdun£ete_tial path d_ound the caL_bttStOr ..................................

4.2.3 S_mat_ 6f 80uree Looatlon investiaatiou

The predoaittate time delays mul correlated L_tequeney reslons _ all test
eondltlons used ie this analysis u_re det@rmlned and are found in Table 4.2-2,
The aplitude of the nomalited c_:.relatlon coe£fieient at each of the time

delay peaks is also liked itt the table alo_ with an estimate o_ the -_oustic
velocity obtazned f_on the usual sonie valoezty equation and approzimate lqn£-
rude o_ the time delay (not di_eetlon), based on the linear distance bet_en
sensor pairs.

A _eviel o£ this table indicates that the estilated time delays between i
, Plane 3.0 to 3.5 agree well with the telt results, except tbt the direst/oh.

The _esults between Plane 3,5 to A.0 are not 88 clear einee it has been Lyre-
vloueiy shown that eeoustie raves are traveling ell over this eegio_ and not
necessarily in the a_t direction. . I

The vectoring of the time delays from the crOse-CO_teiatlo_s indicates --
that the location of the l_ary noise sou_'ce within the e_enda_d production i
co_busto_ is betweett Platte 3.5 i_d &.O as defined by the presence Of ne8_ sere
time delays, it i_ ale0 apparent that mote than one Stoup o£ f_equenciee con-
tributes to th_ sou_ce_ within the combustof, end thaC these g_oups of grequen-
ties travel digfe_ent paths end_ souetite8_ in different directions. !

4.3.1 Internal__Coherence and Transfer Function Results

_parlson8 og coherence £unction results at each measurement plane were
reviewed 81o_q_ with Nlected _esults from the trans_e_ mtalylis. Appendix A _.
presents the coherence and transger £unetion results for seven power _ettings
(3.8_ 1_, 22.8, 26.7, 30.8, 36.5, and 45._ F_). Poaltlve time delays deter _ '
mined _rom cross-correlations between paite o£ sensors _ere i_corporated into
the data to a_count for phase di££e_ence8 between 8e_sors. Where negative
time delays were observed (_hich indicated that the si8n_18 were tr_velin8
opposite to the assumed directio_l)j a zero time delay was input. She error
introd|_ed by this l_ocedure was estimated by the _ethod outlined in Section.
3.7. It results in an error 0£ approximately 0.00_ og the true coherence
value, which Is neglIKible.

Coherence function couparisons are showtt in Figure &.3-1 £or the com-
pressor dlscharse to combus_or inlet Planes 3.0 (16 °) and Plane 3.5 (42")
at conditions of 15. 30.8, and &5.SZ Fn. The coherence levels range from
0.2 to 0.5, or more, over the engine po_mr settings investigated; the spectral
shapes are siuilar.
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Table 4.2-2. Summary of SouPce Locnflon Paramet:ers fdr CF(_56 CombuStor

i t , (CGncluded).

' " Percent t(et 1_USt. 1L_P, 3.8 IS.O 22,1_ 26.7 30.8 3b.$ 45.$ 99.tj
CorreLted (;ore Spdkd, _]x5 6582 8034 6452 t_b60 (5"5_8 _8| 9lOb 10'_ tC_dss-Cot're[at LOr_PairI *

i_ I a Plif_e 3.5 (102") to 4.0 (92') Lirlear Ui,,r.-nc;, d * ().22_0 u (0'.938 it,)

ii (mn_c_) T ! -0.1() -O.O3 0 -0,039 (} -O.OJ9 -0.0782
1 0.62 0.46 0.38 O,Oi_ 0.362 0.343 0.28S 0.i3

Pxy 2

_i 1 (_,,) 41 i 0.1-0.7 0.4_0.6 0.4-0.7 - 0.3-i.0 0.4-0,9 0.4_0.9 0._-1.0J • 2

(maec) I_t*tl 0.5_U 0._ O._l_ 0.$11 0.$02 0.402 0.678 (_..434
I , r

• • PLane 3,5 (2820 ) tO 4,0 (92*) _inekt _ia_• d • 1,28_3 ,, (4,227 [L)

(m_ec) _ t t.2 1.4 1,i5 1,S23 L.)S 1.4 l,l
2 -1.9 -1.6_) -1.$2 -1.602 -i.60 -1.7 -1,3
i b,O$ 0.16 0.09 0.OU 0_137 0.0) 0.08 0.05

%Y 2 0,2_ 0.0_ 0.ou c.to_ _.o; o.09_ o._s
(Kt_) af 1- - ......

2

i (msec) I'res¢ I 2.048 2.443 2.325 2,)01 2.26-3 2.215 2.i.57 14957

• Plan_ ._._ _42') to 3..5 (102") Linear OLILan**_d a 0.44(_ iI (1.44b [_)

_msec) t 1 0.3 0.2 0.3 0.3.5 0.43 0.4_) 0.430 0.703
2 -0.2 -0.$ -O.S -0.352

i ! 0.41J 0.3b 0.27 O,2b 0.3185 0.2o2 0.27 0.1f)
°xY 2 0.35 0.27 0.23 U.13b

([_) _f l 0.1-0.4 0.1-0,3 0,1-0,4 o,1-0.5 0.1-0..5 u,l-o._ 0.1-0..5 0.1-0._
2 - * -

(mac) I_entl 1,077 0,9_8 0.91tt 0.9it O,tS'ig 0,8_3 0,_63 0,79A

i _) Plane 3._ (102°1 to .5 (2B2°) Linea¢ bis_ance d • 1 230 m (4.140 fi)

(meet) 1 l l.? L.O l._ l.b 1.7 - - -
2 -1.7 -1.'_ -1.7 -1.9 -1.9
l 0.27 0.14 0.12.5 0.oo 0.07 0.09 0.08.5 O.Ob

! °x_' 2 0.07 0,15 0.16 0.08 0.0_
I ((¢_) hf 1 0.3-o.', o, 3-0.5 .....

2 -
(m/e) _ 40§.3 4(_0.2 480.4 484,0 490.4 499.) 510.8 555.3
(meet) J'_eaCJ 3.232 ,_.t)75 2.7_)_ 2.734 2.09h 2.b50 2. $9"0 2.3(52

I

m
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'1" PLgute 4,3-2 compares the coherence function for Piene 3.5 (102") to

M

Platte 4.0 (92") at the 8a_e pe_ settings. -At the i01mr power settltqi of
• 15Z Fn, the coherence levels remain at 0.4 to 0.5 over the icy-frequent 7

i region up to nz. With increaslfqJ thrust (.speed), the coherence .-
500 level in

the low-_requency rqlo_ (<300 He) is reduced, _hile the levels, at the hlgher
_equenCieS between 400 and 600 Hz re_aln es,entially the _e. Re rela-

I tively high coherence levels between the _lane 3.5 to 4.0 sensors 8usgest8: that a large dmount of acousti_ energy is wesent in this region. _hls ob-
servation is supported by the results o£ the source location survey (Section

- 4.2).
_ Between the combustor _md the core noe_le, only a atell group of..fte-

,- quencies below 100 Hz shows any Sisnlfieent level of coherence (0.3 to 0,4)at the 15I Fn point. _igute 4.3.3 shows the eomparlson for Plene 3,5 (282")
_ to Plane 8.0A (270"). The higher power settlngs show coherence levels _rotmd
_.. 0.1 and b_low, indicating little or. no sluLilarlty bec_ the slgn_s at the

• J' eoubuator inlet plane and the core notzie.
1

Pigu:e 4._-4 shows the coherence function in the core nozzle (Planes 8.0A

_" to 8.0B) to podseee high levels (>0.5). up to 500 It.- at all test comJitions• co_pa_ed. A_ the 15X Fn pelnt_ the s_ec.tral distribution o_ the coherence
function peaks In a region between 250 to 600 Hz, which includes the _requen-

i" cles associated u_th core noise. With increasing thrust, the coherence levelsin the lo_ frequencies between 100-200 i_* increase _om 0.3 to 0.7. indicating
an increase in signal similarity on both i_Obe eie=eate whlch may be attrlb-"
uted to i_reased turbulence over the probe.

_ypical examples og the resulting trans£er £unctlons (gain and phaee)_b_
tween 8en_o_e at Planes 3.5 (102') and 4.0 (92') are illustrated in Figure

i 4.3-5 for the lo_ pover setting o£ i5_ Fn. A Zero _ime delay.wee used inthe8 region because o£ the small (_0,4 ms) delay times determzned gro_
cross-correlatlo_ analysis Indicating the close l_oxi_£_y of the source b_-
twee_ these plm_u. The trans£er £unctlon calculations were decouplished vith
100 _ernges og the 2.5-Hz bandvLdth data having e _otal record length o£ 40
seconds. The relatively high level o£ coherence (Figur_ _.3-2) got these
_ensors at this condition is reflected in the _erase transfer function _dSnl-
rude (gain) of apwc_thnately 0.1 over the low frequency range _:c_ 50 to 500 It_.
_he phase angle plot, IKgure _.3"5(b), Is besicelI_ horizontal over the sane
i_requency range, indicating these f_requen_iee are in Fhase.

in contra_t, _igure 4.3-6 illustrates the transfer function results _or t
the same condition between the c_bustor sensor at Plane 3.$ (282*) to the t
co_e nozzle Plane 8,0A (270'). Recalling that the coherence levels _or thls i
p_lr o£ sea,ors were quite 1o_ (_igu_e _.3-3) for this condition above _00 i
I_, the transfer _t_nction gain it_ Fi_e 4.3-6(a) shove levels o_ about 0',001
in _hie tqion. 2he _equeucies above 100 Bs show even lower ttane£er gust-

} aeon md_nltudes.

_he phase plot for _hes:_ uflsor8 is erratic and does not show Jay eppzt-

eat _requency regiotls in phase vLth the deley tlme computed from croSS-correla-tion aneiylil, 2hess results ere directly related to the low coherence levels
obteined for thi_ pair of eensor_ at ell conditions.
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i. Figure 4.3-8. Far-Field Coherence LeVel Comparison Between Planes 3.5

1? (i02") and 8.0A £or 50 Hz.
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f
I. _he measurements are influettced by extraneous noise - both intettiai i

attd external measurements are above the noise floor; therefore, this
can be eliminated.

2, 5he system relating the input and output sigflal is not linear -

• uvetal noise paths /re possible which are not linear, i

3. The output s_nal is a functi6n of more than one inp_ - at higher
power settings thls is true since jet noise deminates the engine
noise. 5he lower potmr settings auce more likely to be cOntrolled i
by+core noise. I

A review o_ the far-_ield results _tom the Plane 3.5 and Plane8.0A re_e:_

enses with the above situations use performed in an attempt to Identi_y a t
reason for the iov _oherence which appeared to be associated more with the
Plane 3.5 reference than Plane 8.0. Without an extensive survey, which is be-
yond the scope of this. eontraet, the most wobable reason appears to be the .
nonlinear paths the noise takes ftctm the cembuator Co the J_ar gleld (e.g,,
casln8 radiated noise).

i 5he spectrai distribution og the coherence function at selected far-field t

an8ies relative to the core nozzle Plane 8.0A setssor is compared in Figure
: 4._-ll. _les og 50', 90', 120 °, a_l 150" on the 45.72-m (150_£t) measure- -"

ment arc go.r the approach powr settles (30.8X Fn) were used in the compari-
ion. The time delays due to scou#txC propa_atxbn to each microphone location '
were removed. 5he values of the coherence gunctlbn ranged betueen 0.15 to
0,35 at 60", 90", and 1_0'. At 150" the Coheretice levels are less than 0.1 *
Over the frequency range f_oul 50 to 1000 Hz, The tegio_ts of frequencies with
coherence level greater than 0._ arb concentrated vLth the lotq freque_cles
(4()0 ltz) with the most prominont regions between 50 Co 150 Hz,

5he transfer function results (gaSh mid phase) with the far _ield rela-
tiVe to the Plane 8.0A sensor were compared at the peak core noise angle in -_
the tar field (120"). Figure 4.3-12 illustrates the transfer function gain
for the 120' microphone at 15, 30.8, and _5.5_ Fn. The gain (jR*j 2) in _he "
tar gleld has the tranmnisslon loss due to spherical divergence re*_oved in .:
order to depict the actual loss og coherent signal due to Influences other
then promlxity to the source. The transfer function values are about 0.1 , i
between 50 and 300 Hz got all power setti_s, _he loss is greater at the
hi,her frequencies _here the coherence is less than 0.1. i

Figure 4.3-13 shows the transfer function phase results for the 1200 at
the sdfae conditions. The nearly horizontal region of the plot in the lo_ fre-
quencies below 200 Hr, indicates that abou_ the p_oper amount o£ delay tlme _'

_ was removed. N_ove 200 Hz the coherence levels are less than 0.1, except for

a _all baird of f_equencles around 300 Hz (Fisure 4,3-11). Therefore, the .
phase information at _he hlgher frequencies is meaningless due to the large
_ou_t o£ error associated with u_ir_ lOW coherence values (-0.1) as de-
scribed in Section 3.7.









biults and l_esent 1_eory

The ttmlmisaion ioss of acoustic sJ41ttals across the tutbitte of-the !_
CF6.-50 turbofan eutine _te determined as an attenuation, or loss of coherent L
8isneL level fr_. the c ombustor dischsra_ Plmte 4.0 to the co=e uozfle eatit,
Plane 8.0. 1he _ohetent levels at each of the8_ planes were obtained telP -_
tlve to an.updtre/ input signai level ec the combustor inlet, Plane 3,5. The {
procedure used here is 8imiiar to that described: in Re_erence 2. 5he coherent
ePL spectra at Planes. _.0 and 8.0.were canpared it each o_ _he seven low-power . o

,ettlus8. the dif_tence beC_ea the spectra tepreseu_s the mnouac of e_eta_, j
transferred in 8_L /crOss the. turbine, 5he results of these comparison8 at ".
each eect coMi_iOn.dre _ound in Appendix B,

:1
• Com_,trison v_h l_evLoua _e_k Results

Co_pari_ons of. _he _utb_ne _t_enua_iba.tesuits. sty.. _ 15L bes_s _re. made !i

. f

t with similar reeuttt obtained d_tin8 the ttmn_n$ of the £CCP l_tese iII test
vith a double msnular combustor on the sine t_e of engine (see Reference 2).

Conditions et epproach power ('30I _) and about _5i _ vete selected for the !)comparison. 5he ittenuations determx_ed ia the fore v. A_tL's aC each 1/3 ....
Octave-band frequen_ _r_u 50 to 1600 Hz: between the coherent spectra plots at

Planes _.0 and 8.0 reletlve to the upacream _c_buscor 8ia_el aC _lane 3.5 _ere i
converted to _ attenuations Co account for impedance che_es, M_ch number , t
effect.s, and area a ifferences at the mees_e_ent planes.

I
l_18ure _.3-14 illustrates the lq4L attenuation ccupariaon et approach for

the 30,8_ Fn point on the cote aolse test and the 29.7_ _n point oa the _-CCP
Phase _II te_c. (The 29.71 Fn condition was 8elected for comperi_on since
both sets Of pilot and main burners of the double annul_,c combustor were oper-
atiottal,) The attenuations for the core noise test range from _d_pwL of about ,.
10 to 25 dB, Vhile the ECCP results ahoy about 6- to 18.$-dB attenuation over
the frequency range. The core noise ectenuatlon increases rapidly between 160 I
to _00 Ha. A. slmilar ta_e o_ i_creese is apparent for the ECCP results between .
315 CO 500 Hz,

& hi_her po_r settee8 cc_parlson of turbine ettenuations is pcesented
in Figure &.3-15 for the conditions arotmd _5_ 1_u. The core noise _ttenu-
arises range _om about 8 to 25 d_t over the frequency range, teseining son-

scent in the low frequencies belov 160 Hz end increasi_g f_om there to about " i
12.50 lfz. The _CCP results behave similatiy, but st ievels Chat ate belo_
the core noise attenuet-_onS by 3 to 6 d_ in (:he low f_equencies (<160 Hz)

arid 10 to 1.5 dB in the hiehe_ ftequencles, i

The theroeticel _u_bine transmission loss (attenuation), as Fedlcted for
supersonic blade rows by the procedure in Reference 10. was determined for the
six-staKe in, blue on the c¥6-50 engine. The takeoff condition was selected T
for the analysis comparison due to cycle condition availability, This condi- "-
rise is Considered to be representative of the other operatin8 cottditlous
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Figure 4.3-14. Comparison of Measured Turbine Attenuation from
Coherent Gpectra _t Approach.
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since| above idiej the turbine no|tie (Plane 4.0) operate| near cl_ohd condt- _!
fleas. _he prediction progrmt wen set up following the reemmendatiottl noted
in Reference 10 for she CF6-50 tu_biua. 5he attenuation results of the thee- |
reticat predictions ee shomt in c_parisoe with the enSine result| in _igures
4.3_14 and -15. A uetimut attenuation of 8.54 dB is obtained at 630 Hs after

reachi_ the first cut-on fTequency of 570 Sit. Prior to cut-on, less theft "_
1.5-dB attenuation is c_puted, 5he attenuation drops off from the matuom to
7.12 and 6.72 dB at 800 mtd iO00 H** respectively.

shape Of the theoretically predicted attenuation curve is eiJtil_r to5he
the data trends observed _or the 30.8 and 45.5Z Fn conditions in Fi$_ea

mh

4.3-i4 _ld-15j respectively. 5he _tenuatiou levels fe_. the theoretlcat pre-

diction _e lo_r than the core noise teet results by as much a8 20 dB_ prt- _
marily in the frequencies above.. 125-160 Hi. 5hi8 __ount of difference ray be ,,
due to the. llmi_ed coherent eisnal _ofltent at the hisher _requencies at both

Planes 4.0 and 8.0 relative to the input eisnat Plane 3.5. _I

4.3.4 Stumary of Coherenoe and Teenager Funetion Results ./_

The _oherence levels within the CF6-50 engine combustor were of sushi- 0"
cleat sqnitude to achieve reasonable transfer function 8sin _d phase infor-

mation. Between the _cmbustor dud the core nbs*leD the coherence levels _ ..re _
quite low (-0.1) _hich resulted in a minimum amount of transfer function _- .,
formatien.

1he fat-field results showed that only a mail mount of correlated SIS- _'_m

nat reached the far field and was coherent in • mall band of low frequeneies
(<200 Hz). N_nllnear efgeet8_ due to the various l_ths the internally Sen-
orated signal takes before reaching the far field, were reasoned to be a poe- '!
slble cause for the iov coherence levels observed witl_ thls engine. '"

The fnethod of analysis (ordinary coherence) may also have dn ingiuence '-I
on the strength of the coherent siSnat in the far-fieid. Other noise 8ounces, ..
eve_ at io_ power settings| _ay ha_e contributed to the low coherence levels
achieved. There is a possibility that the use of multiple coherence with the -_"
three Plane 3.$ sensors or the tvo Plane 8.0 sensors as input _ay improve the I_" _b

results of the _oherence end transfer function #nalyses.

The turbine transfer functions determined for the CF6-50 with the semi- l I

dard productise combustor, in the fore o5 AdBi_,_ attenuation, were c_pered _* t
with the ECCP _hase ili results (Reference 2) and present theory (Reference

10). _he results of the comparison showed the CF6-50 core noise attenuation !
Co be _enerally hi_her than the _CCP data, especi_ily at the frequencies above -.

_' 160 Us. 5he theoretical prediction is lowr than both Sets o5 data but the

spectral shape is similar. "_
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Ftsure 4.3-15. COmp_trison of )leasured Turbine Attenuacton from
" Coherent Spectre at 45.5 Percent Thrus£.
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T_

4,4.1 ._ct _ower Level _uFarison eith Predictions
!

_Xnparlsons sere made v_th l_edi_ted values of measured and eohereAt duct ,a
l_5_rLose_up,ted inside the CF6-50 ensiAe c_busto_ md.co_e nozzle, respec-
ti ely "-

v . I
_h

._teraal Combustor FP_ Versus Component Prediction ..e

A comparison of the eanbustor sensor measured power level _8s made utth
a slupli_led couponent prediction derived fo_ the ECCP o£ Phase ii component

test data (Reference 1). The overall power level PML_ i.s calculated "I' from:

:_ PML_ m 100.2 �101o8[M36(T4-T 3) /_T3]

: te _-13 vatts !i

_ where E_3 " Combustor Inlet total pressure_ l_/m 2
; !" t

_ TT3 _ Combuetor inlet total tmperature, K :

TT_ _ Combustor exit total temperature_ lq l

M36 * Total eombustor air_lov, kg/sec !

_he sere parameters used in calculating the PWLG_values are found in
Table 4.1-2.

The measured results were based on an overall power level determined
f_om the _rnai fluctuating _res_u_-e measurements, reduced tO 1/3-octeve-band _
Spectre an_ cort_ted ,Cor frequency response loss. The overall levels dete_-
mlded grOm these presst_e measu_e_aent8 (considered to be acoustic plane wave
sisnals) ve_-e converted _.o power level accountlng got izspedan_e changes due .
to dlfgeren_-e_ in test conditions, Math number effects, and area dlf_erenCes
at each measurement pl_le as de_crlbed in Sectlon 3,7, The tesuitins power
level yes desisnated _PWLmeas v_th units in dB re 10 "13 vetts. The pars _

meters used in the conversion to _PWL_ea8 are found in Table 4.1-2. !

_he comparison Of Fi_eas to _LGE for the combuetot internal seflsOts i
at Planes 300, 305, and 4.0 are shown in Ffsure 4.4-1. _ood agreement is ap- ""
parent in the slope of the data at all planes. The _easuted levels at Plane i
3.0 are 2 to 4 d_ lower than the equal power level line, which _ay be due to i

) the tran_ission loss through the corubuetor liner while et Planes 3.5 and
, 4.0, the levels are about _ dB higher than the line. These results indl- i

cats that the internal power levels are predicted quite accurately rich the "

IqaL_ si_plifled correlation over the entire opetatlng ra_e of the engine.

" Coherent P_ in Core Exhaust Co_pared to En_ine Predictio_

• The Pb_FAA engine prediction is based on a correlation derived from i
engine far-field data and core probe results obtained during tests conducted '_
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/ m_der the Cote _nsihe l_ogram, hferane_ 11, The overall power 1eve1 from :
the erosive correlatiofl is Calculated from

P_3EFrA " 169.3 �10io_ W36(_4-_._3)2(03/0o)2 - 40 log (T_4-TTs)Besig n . i

_ re 10-13 watts
t

I v_ere the nomeueiatu_e ie de_ibed above md (TT, " -TT_)t}esig n is the totaltemperature drop a_ross the hiSh and low ptessure'turbifie_ at the cycle

_, desisn point,j.

_he comparison vlth the measured power level is based on C.he pressure

J measurements taken uith the Jound-teparetlon peobe in the tore nozzle. The i• ix)Vet' level det:e_tiAed from the as..,,measured fluct:uacing pressure men|Jure- :
monte in the core e_thauec yes hishet than the predicted power level from the
enSine correlation. 1'o sore ,w,e.uretely compare clue ECCIPi_8se ZZZ data _eLth
the emglne correletln8 parameter, the coherent part Of the probe Eullte k
spectra with the l_lLte B signal vaJ used to compute the P_eae. _

l_8ure 4._-2 illustrates the comparison of the coherent Pt_tn_as with

_FAA" The reeults show reasonable a_reeme_t in level and $o_x_ agreement
in data sIop_ o_ the meaeur_suenC (cohereAt) resulce vLth the _CCP _haee IZ_
results (l_efe_ence 2) and predicted Levels. These results auppbrt the _red-

IbiLicy o_ the e_ne correlation proeedu_e. It also shov_ the potential
fO_ acquiring cO_e noise dace from internal p.-obe tseasu_mence at a single
central immersion.

_._. 2 _ar-fleld Colterent Out put POwer

_herettt Output Spectre com_a_._eon _cou plane 3.5 and PL_ie 8.0

The coherent output spectra were datelined bets_een the internal sensor_
at Plane 3,5 (102') and eac;h _ar-field microphone, A elmilar set of spectra
wa_ deLe_ined between the Plane 8,0A core probe gullte and the far-field
mlc_ophones, The _plete set of far-field coherent output SPL _pectr_
(COrrected co free field) fc_ the seven l ouest power dettings is found in
Appendix C along W_th tabulations o£ raw end coherent OASPL end OAP_.

& typical comparison betwee_ the ra_ (measured) _pectra ott the 45.72 m
(150 ft) arc corrected to £ree £ield and the coheredt spectra at peak angle is
presented il1 F_gure _._-3; Figure A,_-3(a) _ho_8 the coherent _pecCr,_ _t
45.5_ Yt_ co fall about 10 to 20 d9 below the _aw speceru_ a_d indlc_tes
very ilt_le of the typical co_e noise dominated shape, In contrast, Figure
A._-3(b) shows the coherent spectrum at 15_ Fn to exhibit a peaked region
between 200 Co 630 Hz level in this Cesion, The Low f_equenciee (<100 Hz) of

t the coherent spectrum, which is only 6 to 10 dB below the spectrum, are 2.5
dB below the ra_ level. This condition is representative of one that contain,
e la_ge _8nount of core seneraCed noise. The result from the spectre comparison

' In Figure _.,'_-3 enhances the re_uLt_ presented in Figure 3.7-22 showing the
regions of core noise influence on the far-fleld measurements to fall below i

' 45.5_ Fn (230 m/S core velocity), i
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;he overall coherent pO_r level spectra determined in. the fat field
relative to the internal sensors at Planes 3.5 and 8.0 Were coapar6d .at
three tepresentetlve potmr settings covering the ensine operating t_e for
this analysis. The _L was Calculated by applyinS a spherical eur£ace _ea
se_ent to the intensities determined at each a_le. FiaureS 4.4-4(a) and
-_(b) illustrate the overall coherent potfer Sl_ccra variation at 15, 30.8, attd

45.S_ Pn relative .co _lane 3.S [rigur_ 4,4-_(a)1 and Plane 8.0 [Figure
4,4-_(b)]. Both fx_uree indicate peaked spectre at i5_ 1_n x_ the region
bergen 250 to 630 Hz _hich Is typically auociated _th core noise, This

_i _" peeked thape disappears at the hish;-r _x_ settin$s, _aore _o in Piau_e
I 4.4-4(8) (Plane 3.5) due to the maller mount of coherent slgneli Over the

f_equency range in the far field.

i; i
i Coherent OASPL and _ D_re_tivity Canpar£sons

The OASPL germ the coherent output spectra wets determined at each angle
for 8even test coudiClons, t_$ure 4.4-5 sho_ the comparlson o£ the Plane

8.0A probe to the far field £or,15, 30.8, and 45,$i P_. The peak an_le _hlgts
from 130' at the lo_ po_er settln_ (I_X Fn) to 120' _ove approach (30.8_ Fn).

! The dark symbols on the fiau_e illustrate the OASPL from the raw signal at
• 30.8_ Fn _hlch is 10 to 17 d8 ebove the coherent OAS_L,

The coherent P_L was determined from the acoustic intensity at each
! angle _nd the _re_ se_ent as_ocleted with a spherical sur£ece _ith r_dius

equal to the measurement a_c r_dlus (A$,72 m, 150 £c) and o_tgiu at fan ex£c
_enter. A _ directlvity comparison Og Plane 8.0A results is ahotm in P_au_e
4.4-6 for the above three power se_tings in the surVey. The peak o£ the I_L

dlrectlvlty is at 120" at 1_ Fn.and moves betWeen 110' _d 120_ at the
hi_her speeds. _he ra_ P_L (aohd symbols) for the 30.8_ Fn peznt shows a
AdB spread beteeen the coherent levels as illustrated in _i_ure _.4-5.

A 81ailar comparison is show in Figures 4.A-7 and 4.4-8 for the coherent
output spectra £rom Plene 3.5 (102') to the £ar-fleld an_les. Since this xt
og data coutained _e very lee coherence values (<0.1) over _ueh of the gre _
quency rye o£ interest in the gerhard _les, it is not suptisinK to see a
8eneraI fiattenln8 of the dlrectlv-it_ in the forward _n_les at the three rep _

re_entetive co_dltion_ of 15, 30.8, and _$.$_ Fn. The. aft _les_ exhibit a
peakie_ of the 0ASgq. (_i_u_e _.4-?) and _ (Fzaure _.A_4_) at all thrust Nt-
tinge in the i30" r_on, This is because of the inc_eaud coherence (>0.1)
at _ae og the lo_e_ _requeeeies (see Section _.3.2). _he raw levels og OA�I_L

l end _ (_oiid symbols) _how even la_er differences that_ _th the Plane B

i $.0A requite. _hese results _u_e_t a peak co_e noise far-field _le rqionbetween i10' _d 130' _hlch ie coesisten_ _th past results.

 rectivity iud comparisons

]he Directivity Indices (DI)of the _a_-field coherent outpu_ spectra
relative _o _lane 3.5 _ttd Plane 8.0 Were determined for _il seven lowr
speed points u_in8 the ratio of the acoustic intensities a_ e_ch a_ie,
cmicuieted from the coherent SPL spectra, and the Werase _nteuetty cmputed

"' _ 130_

t)i: !

'a___ I I •
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! from the me_ square average round preesuee. Table 4.4-1 lists these Direc-
tl.vity Indices for all test conditions. Figure 4.4-9 shows the DI distribu-
tion referenced to the Plane 8.0 internal sensor for the three power settings

/ of 15, 30.8_ and AS.$X Fu. _he figure indicates a peak directt_Lty ifldex at
' 130:o for the lot_poVer point with a shift co 120" at the higher _ver set-

tings. The Shapes of the DI distributions are similar but ate sot identical.
t

! In contrast, the D_ distribution referenced to Plane 3.5 in Figure
4.4-10, shotm close agreement in both shape and leVel _or _fl_glel above 60".
The peak values-occur at 140' for 152 _n and 130" for_the IKghe_ thrustl

] conditions.

_ Figure4.4,11 shows the comparison of the directivlty index deter _

mined from the _easured data at 30.8Z _n (referenced to Plane 8.0) and thepredicted DI from the CE core noise prediction (l_e_erance ii). The compar-
ison sho_s the prediction to undeepredlct (-4 dB) the £ocvatcL _le_ ((lO0")

J Jnd over predict ( ¤�dB)in the peak angle region o_ 110' to i_0".

. 4.4.3 Coherent Output Power Stmnnar_
The results from the internally generated power revels determi_,ed from

the measured pressures in the standard ccmbustor of the CF6-50 enalne match

f the simplified component prediction defined ifl Reference 1. The coherentpower level computed from the CF6-50 core exhaust duct measurements obtained
with the sound separation probe agrees with the C_ core noise predlct_on

( described in Reference li and _th sitail_ lqCL's calculated for past tests
(Reference 2). This result indicates that valid core noise data cat_ be

obtained with duct probe measurements at a single immersion. **t

The cbre noise contribution to the overall engine noise can be seen from
the coherent po_r calculated from the far-fleid _easure_ents. The coherent !
power in the far-fietd _ppears to be better defined by the set of £ar-£1eld i

i coherent spectra determined relative to the core nozzle discharge _lane 8.0
rather than Plane 3.5 in the combustor. The coherent OASPLand _ directiw- ii
ities peaked betv_een 110" and 130"_ which iS in the region of peak core noise

i i directivity ('120"). _I

The directivlty index detet_nlned fro_a the _coustic intensities yes com-
pared _Ith the prediction (Reference 11). _sults of the comparison showed

i the engine data to be greater theft the prediction (by 3 d_) ifl the peak angle
region (110'-140') sad less than the p_edictlon (by 4 dB) in the forward

l angles (<100").
r

.
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5.0 CONCL0SlOBS

The work plr£o:_aed during the execution of this cotttrtct has lead to
Hverei conclusion_ m_d observations f_em the analysis results. _he simul-
taneous acqui=ition of a set o_ fluctuating pressure _emaurements frou en-
gine internal and fer-_ieid s_.nsors over the operating _anse of the CF6-$0
high-bypass turbofan engine forms the nucleus o_ a unique data base got co_m-

i lmrison with separate internal and far-field data on this type Of aircraft
_ engine system. The followit_ conclusions _re based on ordinary coherence

the conclusions stated: may no_ be valid, i

[ 5.Loss  woss os•  cq xsz:os• t ocsssx o •
A key factor in the co_relation and coherence analysis of these date

is the simultaneous acquisition o_ _easurmente from internal and. far-_ield -_
sensors. The measurements must be checked _or signal polarity in orde_ to i
pro .perly determine phase information. An impulse signals such as a blast "
from a aboCg_m or hot_, etc., recorded slmultaneotmly on all channels, pro *
rides a polarity check for _at-field _icrophones that is a considerable time
_aviflgs. Kulites have to be pressure-checked for signal polarity,

_he selection of tlme-seriee iutrameters for data analysis has an in-
gluence on the output results, For _ample, with this set of data, cross-
correlations bellmen poorly _brreleted kignais are _eflsltive to computation
parameterS. The cross_correietiofls betueeu Internel-_o-ihternal sensors
were deternined to be best when the frequenc_ b_nds _ere _ee_ricted to i00 _
1000 Hz, _nile the internel-to-_te_nal croSs-correia_ions were beet when a
100-_O0_||z frequency range was u_ed.

_,_ CORENOIS_ gP_(_l_ COmPAriSONS_ITH _-CCPPHAgeS ii AND II_ I_gULTS

Comparisons of the 1/3-octave-band spectral results from the internal

measuroments obtained on the CF6-$0 engine - fitted with the standard pro-
duction annular combustor with similar euglne internal spectra obteined from
the _CCP Phase III program with a double _nulat combustor - indicated a
general agreement in spectra levels. Differences _ere noted in the spectral

I shapes at neatly all _easttrement planes within the caebuetor. However_ this
" was expected since the combustors weft quite different _n design
r i

l The caaparlsons of fuel nozzle spectra• t_ith the combustor inlet tpec_re,
I_- which _ere obtained on this progr_e_ indicated that the spectral shapes were

eiNilat for both measure_ents and the degree of similarity increased with
speed. However t the peak regions did not vaty with speed but remain in fixed
frequency bands. _he internal spectra exhibited a bilobed shape with peaks
occurring bellmen 300 to 600 HZ and between 1200 to 1600 H_. 1he low ire- f

, i quency peak corresponds to the typical frequency range associated with C_-
bUstor noises. The fuel syst_ components ate the source of several tones



iI

appereiit in both _he narrowband spectra of the fuel .nozzle measurements afld
in the far-field mea_ur_ents at _he idle cofldltlon,

A comparison of the e_glne data _ith the _CCP Phase II results f-tom the
fuli-_cale duct-rig te_ts o_ the CF6-50 standard _a_nular co_busto_ showed the

il power spectra to be generally similar in shapes especially _n the combustor
i dlscha_e region. The ehgifle levels agreed _th the duct rig at th_ low fre-

queacie_ (<315 H_), but were lower thafl the componetlt data a_ the higher fre-

quencies for both inlet (-14 dB) _d discharge (-8 dB) planes at the approach i

_ 1 power _etting, Creater di£gerences t#er_ flo_ed at the takeoff condition com-parison.

_ ' _ferences _n meastt_e_eti_ plane locatlo_, instrumentation, the choked
u_ ! tu_bin_ no_le dfaphr_g_ f_ the enSine, and the variations fn the test cofldi-

i+i _ions - all contribute _O the differences in levels apparen_ between the en-

Ii gifts and duct ri 8`
: I

_+,+3 APPARENT PRIMARY CO_ NOISE SOUItCE+LOCATION

Cr+oSS-cbr_elatlons between selected pairs of in_ernai sensors were used
to iden_i£y a probable region within tl_e cocabustor that appeared to 5e a
primary nois_ source location. Vecto_in8 of _he time delays indicated _he
apparent location of the prima_y noise Source within the standard production
co_bu_tOr i$ between Plane_ 3,5 and _,0+ The analysis indicated that several
di_£erent groups of frequetlcie_ corltribute to the sources Within the combus-
to_. It is also apparen_ that these groops of frequencies travel at differ-
ent d irection_ withitl the co_bustor. The_e is _vidence of circumferentially
_&veiing waves similar to those indicated in the ECCP Phase IiI results.

.

5.4 T_BINE TRANSMISSION LOSS

The _ans_isslon loss across the CF6-50 turbf_e and exhaust nozzle _as

determined fro_ the CF6-'50 ettgine internal coherent measurements in terms of

dB_w L a_ten_uation. CO_paflson of _he results fro_ the p_esent test
with those of a previous test Conducted under th_ E_CP _has_ i_I progr_n
Showed the CF6-50 core noise attenuations tO be generally higher than the
ECCP data, especially at g_equencies above t60 Rz. The reason f6r _his caf_
be attributed to the low Coherence values that O_cur between the Plane 3.5

(2_2 _) sensor and the core prbbe, Plane 8.0A (270+), which indicate little
siSn_l coherence at Plane 8.0 relative to the combuStor.

I.
The theoretical predicti_,n is lower than both the core noise _nd _.CCP

attentuations but the spectr%.l shape is _imilar. The dlfferences between the

p data and the theory may be attributed, in pa_t, to the large engine exhaust
nozzle duct are;_ than@as, pot_mtially producing sore attenuation than the sim-
plified production model.
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5.7 COHEI_Itt OUTPUTPOtlElt OSSeltVt1'IOU
ii l i i l i i i i l l ii

I The coherent powor in the far field eppeire to be tore clearly defined

i by the set of far-fietd cohezent lpectra detenlined relative to the core noz-zle dtdcharge Plane 8.0 rather thtm Pi_ne 3.5 in the cembustor. &_d even
u_th this dist{nctlon, the far-field coherent poutr level obt4tned fro_ the

I

l ord_.nary coherence procedure appears to be qu_seiontble _ith this engine, due
I. to the level of coherence at many of the uicrophone locations. If this set
_.. cf date wan processed through a multiple coherence procedure rather than one

Chat employs a single input/single o_tpu_ model, perhaps higher coherence
'+. levels would be achieved. The direccivity indices computed frees these results

might elan give e bettdr comparison with t_e prediction.
)
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Appendix A Contains the ordinary _oherence functions and transfer func-
tions foe the data _qulred tn_der this pros_m. _he transfer f_nction is
ex_essed as 8aln md phase. Ti_e delays due to acoustic rave p_Opqation
were _emoved from the data. ?at-field tr41_sfer f,metions had the loss due to
s_lterical divergence removed. The Ur_msfer sain displayed _epreeents the loss
in the fat field due Co other causes (nonlinearity, multiple sources, eta.).

The date are presented in two sets: Internal and internal to far field.
The internal results are presented in Part A for the folLo_.t_; pairs of inter-

t nal 8enooYs:
• ?lass_3,0 (16') tO 3.5 (42").

i • Pldute 3.5 (i02').to 4.0 (92')

: • Plane 3,5 (282') to 8.0A (270')
• ! • PlJne 8,0A (270') to 8.0B (270")

• Fuel nozzle (42") to _.$ (42*)

• Fuel uoule (102') to 3.5 (102")

The far-f;.eld mi_rOl_o_e_ (15) paired vlth the Plane 3.5-(102') and Plane 8.0A
(270') senates are p_eaenced in P_tt B of this append/e, All Of the results
presented are for seven pover settlnSs Of the CF6-50 eu_ine and include pot-
cent net thrust points of 3.8, 15.0, 22.8, 26.7, _0.8, _6.5, and _$.5.

The analysis vu Conducted Over a frequency rm_e of 0 to 1000 Ht vith _t
data b_ldwkdth of 2.5 Hz, 4 2048 block size, 100 avet_le8, and _ total record
tile of 40 secondg.
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Figure A-35. Coherence and Transfer Functlons
for Fuei Hozzle (42 °) eo Plane
3.5 (42 ° ) at 36.5_ Thrust.
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Figure A-42. Coherence and Transfer Functlons
for Fuel Nozzle (102 °) to. Plane

I 3.5 (102 ° ) at 45.5X Thrust.

p

• 195

t



.o



1.000

l) Cohorenco Functlo5

J
I "

'Lp _

i
0.0000 ,...* Jl ia_.A ..i...l- .-.L _L

• • • • + • • • • • • .
so.oo-- _oG_o P_q toO_

1.o

t b) Tr_fl_ Nnctlon Oaln

t 0.01

=_.

1

0.0001

I
i

se.ee LO0+.Ib'AIO teal.

180.0

t

j°

-180,0

gl.eb t.Oo:e_'Uo loee.
+

FigUre A-44. Coherence and Transfer Functions for
Plane 3.5 (1020 ) to 30 ° Farfleld
Microphone at 3.8% Thrust.

197

• r



_ ++ ..... + • ±++ • ......... "_li







• +

l.o_ cFi-si ¢¢x_ _x_ PROGR_.
•_) Coherence l'unotlon

)

[ o.00_o ; ;-- ,. -,--,,; , _._.
1, I.,,J A.._ L.

i so.oo L-_lO}'R_Q ZOO0

1,0

I
b) Trl.sti_, l_unctlon Gal,_

0.01
el

.=

oooo.
St.eJ LO_e _m[o lbete.

lllO.O _ ,.,

+ I o++,++°,o++JPIIIhl Ik|tj

+ ]i; -180.

•. I Iri_a lice,

J Figure A-48. Coherence and Transfer FUnctions £or

Plane 3,5 (102 °) to 70 ° _arfleld

i Microphone at 3.8_ ThrUst.

201







i

l.o_ _Fl_m col NOx_ _,d_.
J

a) Coheleace l_notioa

#,

OiO00_ ?

+0+06 LOCiO _ 1000 +

+ +

1.0 ........... ' '

"4

0.oi _

+#il
i

+T

0.000I

se.ie t.oaselil_O le'ee_ 1
1

180.0 " 1

c) _ranster l_nctlon l_hue 1

to

i

-480.0 1

W.le _ose. _to .... t_. i
!

Figure A-51. Coherence and Trans£er _unctions £or 1
Plane 3.5 (102 o) tO 100 ° Far£ield
Microphone at 3.8_ Thrus_. .

204

i
1



,.- -_ -,_.rr_ ._ ..,. _, • ....... _ 1_

a) Coherence I_nct_.on

, Ii

Ill
"_ I 0,0000 IUL..I,__|_,• -_•i_ i so.oo L_zoFUQ zooo

2,0

]i b) 7_ll_stir _unQtloJIl OmlB

i l o.bz

.. iiiol
I

I !o. •

".ltlO,O[i
N.N bOGLe _Q i_.

t Figure A-52. Coherence and Tr_nS:er Functions for
Plane 3.5 (103 ° ) to 110 ° Farfield

Ii Microphone at 3.8_ Thrus,.

305

f,
I

_-.-.--.._ .._, _--_--: ..... - _,,.____ ;--;'_ _. ........................ - . _ ._





I 0._1

%

0,0001

• "; _ ; i • .......
se.ee tooie _o loci.

180,0

 jllllj
! °

-_tll_.O
w.ee r._te Iq_O s_.

:i F:J.gure A-_4. coherence and Trami£er Fttncttons fol_
' Plane 3.5 (102 +) to 130 ° Farfleld

MiCrophone at 3.8_ Thruat.

207

I '



I

I |,050 _"" _ _ _ glmlmm..m.....,

i a_}Golmo#,o#ieo

lh0NtlaNm

t

t
i

o._
jo.oo e_cZ,o J_e_ zooo. t

1.6

b) Ituster l_tl_ _l_

6.ol .

I
1

u.a _:o _*m :m. "1
1

,,..o:':z: iliillLiI 1
" _

I i-|O0,O

b. U. lit _$ i_i4 ti411. 1r

FigUre A-6S. Coherence and Transfer Functions £or

Plaile 3.6 (103 °) to 140 • Fer£ield

i: Microphone st 3.8_ Thrust.

208



k .

" o.0o0"o
i • • • • • • • w" • • • • • -

_.oo [,oolo /'II_-Q xob6.

x.d •

0,01

,0001

180.0

!°I

I

t
-]|0.0 t

li4) • 40 I_GIIJ F'R(4 lIHI4

_'tl_re A-56. Coherence and Trans£er Functions £or
Plane 3,5 (102 °) to 150 ° Far£ield
MLcrophOne at 3_8_; Thrust.

i





O,0000 I ,P_l_,_..,lllJ ..
50.00 i+(I010 IFREq IUUO

o_ • v

I

i e_ 0.01

t "'_'o.oool

8411.11 l,,.OOleLPI_O leee.

180,0

¢) Tratts_orF_nctlon Phaso

t .
li o

-180.0

se,N Lo016 _'m[O teee.

J
Figure A-58. Coherence and Transfer Functions for Plane 8,0A (270 °) _

to 10° FarfLeld Hicrophone at 3.8_ Thrust. !

211
d

]





1.000

r

t
so.oo z_olo _Q 10o0

X+O _ I....

,I
N 0.01

+ '+__'.....r!'!''1
18o.o .row i.oQ1eFIfO I_M_.

!°
-180,0

se.N t.ooie rm[c) :oee.

Figure A-60. Coherence and Transfer Functions for Plane 8.0A (270 °)

to 40 ° ?arfieid Microphone at 3.8g ThruSt. 1

213

t



a) Col_i,6noe, ]run_.(16,_

o.oooo ]_JLa_." I -

i _.oo I,OOLOn_ Z6_o.

i.
• 1 i

1

o oool_ ,
se.4e L,ooio trkto z_

180.0 * i

!°,I

-180.0

se.w _oato _o teeo.

Figure A-61. Coherence and Transfer Functions for Plane 8.0A (270 °)
to 50 ° l_arfteld Microphone at 3.8Z Thrust.

214 i

I "t



E
4t o

1

i -180.0

r_.ee t.o_se _¢) ieee.

t -!

• Figure A-62. Coherence and Transfer Functions for Plane 8.0A (270 °)
to 60 ° l_arfteld Ntcrophone at 3.8g Thrust.

t
,. _ - 215

[
.-' q

i"'



Figure A-63. Coherence and Transfer FUnctions for Plane 8.0A (270 °)
to 70 ° Farfield Htcrophone at 3.8% Thrust.
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Figure A-81. Coherence and Transfer Functions for Plane 3.5 (102°)
to i00° Farfield Microphone at 15Z Thrust.
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Figure A-89. Coheffence and Trans£er Functions for Plane 8.0A (270 °)
' to 30° Farfleld _tc_op_one at 15_ Thrust.
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Figure A-91. CoherettceaildTransfec Functions for Plane 8.0A (2708)
to 50° Farfleld Microphone aC 15Z Thrust.
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Figure A-92. Coherence and Trans£er Functions £or Plane 8.0A (270 °)
to 60 ° Farfteld Microphone at 15X Thrust.
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Figure A-96. Co_ereuce and Transfer Functions for Plane 8.0A (270 °)
to 100° Farfield Ntcrophone at 15Z Thrust.
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Figure A-97. Collerence and Tra.sfer Functions for Plane 8.OA (270 ° )
tO llO ° Farfield Microphone at 1_i Thrust.
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Ftsure A-98. Coherence and Transfer Functions for Plane 8.OA (270 °)

to 120 ° Farfield Hlcrophone at 15Z Thrust.
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Fisure A-99. Coherence and TraOsfer FuNctions for Plane 8.0A (270 °)
: r,o 130 Farfteid Hlcrovhon@ _t 1_ Thrust.
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Figure A-IO0. Coherence and T#ans£er Functions for Plane 8.0A (270 °)
to 140 ° Far.Lteld _Licrophone at 15Z Thrust.
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Figure A-Z21. Coherence and Transfer Functions for Plane
8.OA (270°) to 50° Farfteld Microphone at
22.8Z Thrust.
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Figure A-122. Cohereuce and Trausfer Functions for Plane

8.0A (270 °) to 60 ° Farfield Hicrophone at
22.8_ Thrust.
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t ' Figure A-126. Coherence and Transfer Functions for Plane

8.0A (270 °) to 100 ° Farfield H$crophone at
"" 22.8Z Thrust.
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Fisure A-_29. Coherence_and Transfer Functions Eor Plane

8.0A (270 °) t:o 130 ° Farfleld NLcrophone at

t 22.8% Thrust.
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Figure A-i35. Cohereflce and Tra_s£e_ Functions for Plane
3.5 (102 °) to 40 ° Farfteld Microphone at
26.7% Thrust.
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Figure A-152. Coherence and Transfer Functions for Plane
8.0A (270°) to _0° Farfleld Hicrophone at
26,7Z ThrUst.
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8.0A (270 °) to 80° Farfteld Microphone at
26,7Z ThruSt."



Figure A-155. Coherence and Transfer Functlons fo# Plane
8.0A (270°) to 90° Farfield Microphone at
26.7X Thrust.
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Figure A-157. Coherence+and Transfer Functions for Plane
8.0A (270 °) to 110° Farfteld Htcrophone at
26.7_ Thrust.
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Figure A-158. Cohecenceoand Transfer Functions for PlaneO
8.0A (270) to 120 Farfleld Microphone at
26,7Z Thrust.
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Figure A-159. C6herence and Transfer Functions for Plane

8.0A (270 °) to 130 ° Farfleld Microph6_e at
26,7X Thrust.
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26.7Z Thrust.
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Figure A-162. Coherenc_ and T_ansfer Functions for Plane

8.0A (270°) to 160° Farfield Mlcroph6ne at
26.7Z Thrust.
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Figure A-171. Coherence and Transfer Functions for

Plane 3.5 (102 °) to i00 ° Farfleld

_Icrophone at 30.8% Thrust.
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Microphone at 30.8% Thrust.
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Figure A-173. coherence and Transfer _unctLons for
Plane 3.5 (102 ° ) to 120 ° Farfield

Microphone at 30.8% ThrUSt.
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Figure A-174. Coherence and Transfer Functions fo_
Plane 3.5 (102 ° ) to 130 ° Farfleld
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Figure A-175. Coherence and T_ansfer Functions for

Plane 3,8 (102 °) to 140 a Farf2eld

Microphone at 30.8% Thrust.
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Figure A-179. Coherence and Transfer FunctLohs
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Figure A-182. Coherence and Trtms£er Functto,s
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Figure A-183. C0her_nce and Trans£er Functions
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Far£teld Microphone ut 30°8% Tllrust.

336



Figure A-184. _olicreltce _tnd Transfer Functions
£or Plane 8.0A (270 ° ) to 80 °
F_r£ield l_licrophonc at 30.8_ Thrust.
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Figure A-185. Coherencb and Transfer FUnctXons
for Plane 8.0A (270 ° ) to 90 °
_arfleld Microphohe at 30.8% Thrust.
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Figure A-187. CoherenCe and Transfer FUnCtions

for Plane 8.0A (270 ° ) to 110 °
Farfteld Microphone at 30.84 Thrust.
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Figure A-188. Coherence alld Tfunsfer Functions
for Plano 8.0A (270 °) to 120"
P,rfield Micyop|_onc at 30. t_%Thrust.
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Figure A-190. Cohererlce and Trans£er Funct2ons

_or Plane 8.0A (270 °) to 140 °
Far£1eld Microphone at 30,8% Thrust.
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FigUre A-191. Coherence and Transfer Functions

for Plane 8.0A (270°) to 150 °

Farfleld Microphone at 30.8% Thrust.

344



CTB-_0 CORi; NOTSlT PROC,RM_.0. _0ot)

a) Cohuroncu Funct_,n

N

0* GO00 , ' ' ' ' ' ..... __ _ , " " " "

L;

I se.ee LoG10 FR[O i(l(_.
)

1.o

b) Transfer Function GaJn

0,0001

_ • • • | w • • •
Se.ee LOGIe FR[O 1o0e.

18o.o--.

i:

o180.0

se.ee LOG10 FREO le0o,

Figure A-192. Coherence and Transfer Functions
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Figure A-193. Coherence and Transfer Functions for
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Figure A-194. Coherence and Transfer Functions for
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Figure A-195. Coherence and Transfer Functions for
Plane 3.5 (102 ° ) to 60 ° Farfi¢,Ld

H._c¢o t "_one at 36.57,, Thrust.
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Figure A-196. Coherence ahd Transfer Functions for

Plane 3.5 (102 °) to 50 ° Farfleld
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Figure A-197. Coherence and Transfer Functions for
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Figure A-198. Coherence and Transfer Furmttons for
Plane 3.5 (102 ° ) to 70 ° Farfteld
Microphone at 36,5_ Thrust.
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Figure A-199. Coherence and Transfer Functions for
Plane 3,5 (102 ° ) to 80 ° l..:rfield
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F_gure A-200. Coherence and Transfer Functions for

Plane 3.5 (102 °) to 90 ° F_rfield
Microphone at 36.5Z Thrust.
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Figure A-201. Coherence and Transfer Functions for
Plane 3.5 (102 ° ) to 100 ° Farfteld
Microphone at 36.5_ Thrust.
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Figure A-202. Coherence and Transfer Functions for
Plane 3.5 (102 ° ) to 110 ° Farffeld
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Figure A-208. Coherence sad Trans£cr Functions
for Plane 8.0A (270 °) to 10 °

Far_teld Microphone at 36.5% Thrust.
i
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Figure A-217, Coherence and Transfer Functions
for Plene 8,0A (270 °) to 110 ° "'

Far££eld MiCrophone at 36.5% Thrust.

37O





Figure A-219. Coherence and Trans£er Functions
" for Plane 8.0A (270 °) to 130 °

i Far_leld Microphone at Z6.5% Thrust. ,
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Fil_Ur_ A-221, Coherence and _ransfcr Functions ..
, £Or Plane 8.OA (270 ° ) to 150 °

Farflcld Microphone at 36.5% Thrust. ",
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Figure A-232. Coherence and Transfer FunCtions fox
Plane 3.5 (lOB °) to 110 ° Farfield
Microphone st 45.5% Thrus£.
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Figure A-238. Coherence and Transfer Funct2ons for

Plane 8.0A (270 _) to 10 ° Farfteld

M2crophone at 45.5% Thrust.
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1. i APPENDIXC

Appendi_ C contains the coherent output _peccta front the internal slnsOt_ac Planes _,5 (I02') and 8.0A {270') to each fa_-_leld microphone (i,e., 6 "
10, 30, 40j 50, 60, 70, 80, _0, i00, ilO, 120, 130, 140, 150, a_d 160 dest:ees).
Tabulat[ohs o5 raw and coheren_ OASPL's a_d _ for 6ach set of data are in-

I Cluded for the seven po_r settings selected fo_ Chls _alysie (i,e,, 3.8, 15,
22.8_ 2_.7j 30,SL36.Sj and 45,5_ net th_ost).,_.

_:! I _.ach o5 these coherent apeetca cov_r th_ _equ_cy range og .50 to 1600 Hz:i with a ample bandvldth of 2.5 Iiz, a blocksite of 2048 s_pies, 100 avefq;eJj
i and a total record lensth of 40 seconds.
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Ii Figure C-l, COherent Output $PL Spectra groin
Plane 3.5 (102°) to Farfield Micro- , i
phones at 3.8?, Thrust. * i
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Fisure C-1. Coherent Output: SPL Spectra from I

J Plane 3.5 (102°) to Farfield l_cro-phones at 3.8X Thrust (Continued).
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, Figure C-1. Coherent Output SPL Spectra from ..
' • Plane 3.5 (102 °) to Fa_fleld Mlero-

phones at 3.8% Thrust (Ceneluded).
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FigureC-2. CoherentOutput SPL Spectraf_rom
Plane 3.5 (102°) to FarfleldMicro-
phone8 a_ IS.OZ Thrust (ConIlnued),
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Figure C-2, Coherent Output SPL Spectra from
Plane 3.5 (102") to Farfleld Nicro-
phones at 15.0_ Thrust (continued). i
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Figure C-2. COherent Ouapuc SPL Spectra from
Plane 3.S (102') to Facfieid Mtcro-
phenes ac 15.0% Thrust (Continued).
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t Figure C-_. Coherent Output S_L Speetra from '

Plane 3.5 (102 a) Co FarfLeld Nitro-
phones St 22.8Z Thrust.
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_- 1 FtBure C-3. Coherent Outpue SPL Spectra from
Plane 3.5 (102 °) co Farfield Hicro-

' phones at 22.8% Thrust (ContinUed).
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Figure _-3. Coherent Output SPL Spectr_ from
Plane 3.5 (102 °) to Far£ieldMicro-
phones at 22.8Z Thrust (Cohtinue_).
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Figure C-4. Coherent OUtput SPL Spectra from
Plane 3.5 (102°) to Farfield Micro-
phones at 26.7Z Thrust.
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f.. FLgure C-4. Coherent: Output SPL Spectra from.

Plane 3._ (102 o) to Far£_.eld Hici:o-,

phones at 26.7% Thrust (Continued).
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Figur_ C-4. Coherent Output SPL Spectra from
Plane 3.5 (102") to Farfteld Hicro-
phones at 26.7Z Thi_use (Continued).
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Fisu_e C-5. Coherent Output SPL Spectra from '
Plane 3.5 (102 °) to Farfield Micro-

phones at 30.8Z Thrust:.
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i Figure C-5. Coherent Output SPL Spectra £romP1a_e 3.5 (i02 °) to FarfLeld )ttcro-
phone8 at 30,8Z Thrust (Continued),
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Figure C-5. Coherent Output SPL Spectra from
Plane 3.5 (102") Co ¥arfield l_cro-
phones ac 30.8ZThrust (Continued).
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Fisu_eC-8. Coherent Output SPL Spectra from
Plane 8.0A (270 °) to Farfield
Microphones aC 3.8Z Thrust.
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Figure C-8, Coherent Output SPL Spectra from
Plane 8.0A (278 °) to Farfield
I_¢rophones aC 3_8Z Thrust
(CentinUed).
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(Cont Inued).

459 I





I 461

I,_i_' I

kI nt _ a _ ....... ; l d



Figure C-11. Coherent Output SPL Spectre from
Plane 8.0A (270 °) to Farfield
Hicrophones ec 26.7% ThruSt.
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i Uuit._.._e• _yJebol kee.tipt ion Mettle S_ li eh, .... _.

_. A Annulus ateaj cross-se_t_onal area at
:'_ coabustor meeeurmeQt planes m2 (i_, 2)

Are t Combustor reference area m_, (itt. 2) ._

Be Resolution bmldv_d th Rt (Hz)
.BPR tan-tO-core bypass ratio

COP Coherent output po_ dB (dB) _

C, c _oustic veioclty m/s (ft/ae_)

AvetaSe acoustic velocity " m/e. (ft/sec) "i

d Linear distance between Kulites m (ft) -

dB Declbel

DFT Digital Fourier trans£orm

DFT"i Inverse di_itai Fourier _r.ans£or_ _

DFT* Co_pi-ex conjugate of Fourier trans£or_

DI Directlvicy index _ (i,u,) t•

_dBpwL TUrbine attenuation ba_ed on P_L dB (dB)

lp t_nit VectOr normal to acoustical wave gront

i x UnitVector j a_iel component !

f Frequency I_ (HZ)

F Fourier T_an8 fore

F_ Cmuplea conjusate o£ _ourier tr_n,fon_

_/a l_el-ai_ ratio

_n _etcent net thrust

FI_ Fluctuating pressure level re 2 x 10-5 N/m2 dB (dB)

Fiq4L Po_r level based on glUct_cin_ presste_ee
re 10"13 w_tt8 - dB (dB)

GXX Autospectr_

Gxy Croee-spectru_

_ HPT High pressure turbine
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Uu_t8

Description Metric _.r_ lish

HPTN High pressure turbine _ozzle

ILqR Heac _elease rate (total fuel flov x h_ating
value of _5 fuel) _tts (waf.ts)

HZ Hertz: cyclea/Jecond

H2 _ansfer function

JHJ2 Transfer function gain

j l._J2 Transfer function gai_ less contribution
due to spherical dfverget_ce

) .
I ... Intensity _lux vector

LPT Low pressure turbine

M Smnple averages

M Math number

M Average Math number

_tqDAa Mal function, detection, analysis, and
recording subsystem

N Transform block size

N2//'_ 2 C_'e Speed, corrected rpal

N1/*_"2 Fan sp_ed, corrected _pm !

OACOP Overall coheretit output p_tmr level dB (dB) t

OA_PL Overall fluctuating pressure level dB (dB) i

OAP_L Overall Souhd power level dB (dB)

i OASPL Overall isound pressure level dB (dB)

1/30BFPL One-third octave band fluctuatln_ preSSure
! level dB (dB)

1/30B_PL One-thlrd octave band eouttd-pressure level dB (dB) .

l P -Acoustlc pressure (mS) kN/m2 (psla)

Po Ambient, standard day pressure arm (psia)

I. _ PS Static pressure arm (psia)i PT Total pressure arm (psia)

AP3_t/P3 PCT co_bustor pressure drop relative to

! upstre_ pressure Z.
AP3_ Combustor total pressure drop arm (pals)

'_ PWL Sound. power level, re 10 "13 watts dB (dB)

R Gas constant for air
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units

.. 8_sibol . l_escript.ion ,Metric it fish
m b erence radius • ;l

RDGj adg hadlng number . m (in,) • i

 to-co.elatio. f cton ,
_ l_y _os_correlatio_ f_ctlo_

r Are radius a (f_) A

8LS ka level 8Cat.lc

n S_ple rate

s t Space rate

S Cohe_e_t output spectrum

SFL Sound p_esaure level, re 2 _t 10-5 H/m_ dB --(dB) "

T Record Ler_th 8e_

i TO mbient, _tandard day temperature K (' F) -
.i TS Static. temperature g _' i_)

I_ TT Total te_petttu_e 1_ (" R)

I AT34 Combustor total temperature rise K (' _t)

t _mple le_th eeC ',

Absolute _low velocity vecto_ 1i/8 (ft/sec)

V8 Core j_t velocity m/_ (ft/sec) _i

Ve £ffective (mi_d jet) veloCity _a/S (ft/aeC)

V18 Fa_. jet veloCity m/s. (ft/sec)

_25 Co_ engine airflow rate iq_/sec (lb/eec)

W3 Coapre_sor discharge airflow kS/sec (lb/eec)

W_6, Wc Total combu_tor discharae airflow kg/sec (lb/Hc)

_T Total fuel flow k_/hr (lb/hr) .

_36 _3 Co_bustor d.ischarae fl_w co,retted to
'P3 A3 co_bustor _nlet conditions

_02 Delta (engine inlet)

002 There (engine inlet)

t Random error

A Difference, increase or decrease

¥2 Ordinary coherence function I

Ti_e delay sec 1
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r ! !

Units
e--mmem_uem_

S_bol ,DeJctipt, ion l_tric E_lish

i e Fat-field anAiej ci_c,_£erentlal location
for internal se_so_s deg

p _ensity (ib/_t 3)

Oxy l_mali_ed correlation coef_icieht

_i. 1 _ _ansfet functlon phase dq ,

! 'i Subscripts I

a Air

c Core

• _£feetlve 1

f Fuelj fan

o Initial or c_libration cO_ditio_

1 La_est peak in cros_-correlatlon

2 Next larse_t peak J.h cross_correlatlon

3.0 compressor discharge plane

3.§ Combustor inlet plane

4.0 Co_bustor discharge/turbine inlet plane

8.0 Core nozzle dlscharge pl&ne
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